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Legumes play an integral role in increasing agricultural productivity, particularly in low input 
agricultural systems in Australia, due to their ability to form symbiotic interactions with a group of soil 
bacteria called rhizobia. However, in medium-to-low rainfall areas of southern Australia, there is a lack 
of suitable annual pasture legumes, which is limiting agricultural productivity and profitability in these 
farming systems. Scorpiurus muricatus is an annual legume from the Mediterranean which possesses 
high nutritive value and palatability for livestock, is high yielding, capable of self-seeding and is well-
adapted to hot and dry summers.  As such, S. muricatus is currently being evaluated as a new pasture 
legume for southern Australia. Crucial to the success of introducing this legume will be the availability 
of a highly effective rhizobial inoculant strain. This thesis therefore sought to characterise the 
phylogeny, free-living and symbiotic phenotype of a range of bacteria isolated from Scorpiurus spp.  
A total of 19 strains were investigated, with 16s rRNA sequencing demonstrating that 18 of these 
strains belonged to the genus Mesorhizobium, with the remaining strain (WSM1184) most closely 
related to Agrobacterium tumefaciens. Analysis of nifH and nodC symbiosis genes further showed that 
the characterised Mesorhizobium strains generally shared highly similar sequences for these loci, 
indicating a comparatively high degree of genetic similarity. In particular, WSM1343 (isolated from 
Scorpiurus sulcatus growing in Morocco) and WSM1386 (isolated from S. sulcatus in Manjimup, 
Western Australia) were shown to share highly similar symbiosis genes, but divergent 16S rRNA genes, 
suggesting the possibility that these strains may contain symbiosis genes on mobile Integrative and 
Conjugative Elements (ICEs).  
While the temperature tolerance and apparent optimum growth temperature of the test strains of 
28°C was consistent with that commonly reported for Mesorhizobium spp., their growth rate was 
atypical for this genus, with 15 of the 18 strains having a growth rate on YMA at 28°C slower than that 
generally described for Mesorhizobium. This slower growth rate may be a common feature of rhizobia 
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from S. muricatus nodules and therefore should be considered when isolating organisms from this 
legume. 
Symbiotic effectiveness experiments showed all Mesorhizobium strains nodulated S. muricatus and 
fixed N2 on this host, with the most effective strain producing 67.5% of the mean shoot dry weight of 
the N-fed control plants. Host range experiments demonstrated a subset of the Mesorhizobium strains 
nodulate existing Australian commercial pasture legumes Biserrula pelecinus and Lotus corniculatus, 
with the effectiveness data suggesting these strains fix N2 poorly on both hosts. In contrast, none of 
the strains tested were able to nodulate the grain legume Cicer arietinum. 
While this thesis has characterised the phylogeny, free-living and symbiotic phenotype of a range of 
S. muricatus microsymbionts, further work is required before a suitable commercial inoculant strain 
can be recommended for this pasture legume. First, all the strains tested in this thesis were isolated 
from S. sulcatus plants or soils with Scorpiurus spp. present, rather than S. muricatus and it is not 
known whether strains from either species are cross-compatible for effective N2 fixation. Future 
studies may therefore locate more effective N2-fixing rhizobia for S. muricatus by isolating 
microsymbionts from this host in the field. Second, experiments testing the ability of commercial 
inoculants for already-established pasture legumes B. pelecinus (WSM1497), Lotus sp. (SU343, CC829) 
and the grain legume C. arietinum (CC1192) to nodulate and fix N2 on S. muricatus need to be 
conducted to determine whether these inoculants will interact with this legume. Finally, the data 
strongly suggest that S. muricatus-nodulating Mesorhizobium spp. may contain symbiosis genes on 
mobile symbiosis ICEs. Given that the phenomenon of ICE transfer has led to the evolution of poorly 
effective microsymbionts for B. pelecinus, it is imperative that these S. muricatus strains be 
interrogated for the presence and transfer of symbiosis ICEs, in order to manage this mobility in any 
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1.0 INTRODUCTION AND LITERATURE REVIEW 
1.1 Rhizobia-legume symbioses  
1.1.1 Legumes and their importance in agriculture 
Legumes have played important roles in agriculture for many thousands of years, being a valuable 
source of food for humans and livestock. Many ancient cultures included legumes in early farming 
systems, recognising that they improved soil fertility for subsequent non-legume crops (Heiser, 1981, 
Graham & Vance, 2003). Only in recent times was this beneficial effect recognised to be the result of 
a symbiosis formed between soil bacteria, known as rhizobia, and legumes, in which the bacteria 
convert atmospheric nitrogen (N2) into plant available nitrogen, providing this element to the plant 
host in a process known as N2 fixation (Lewis et al., 2005). Although bioavailable nitrogen can be 
supplied to crops through the industrial production of nitrogen fertilisers, these processes are energy 
expensive, requiring high temperatures and pressures usually generated by burning fossil fuels (Drew 
et al., 2014). The finite supply and increasing demand of fossil fuels has led to increasing costs in 
fertiliser production, making N2 fixation a low-cost alternative (Drew et al., 2014). 
The Legume family (Fabaceae) is the third largest flowering plant family, with 751 genera containing 
19,500 species (LPWG, 2013, Lewis et al., 2013). Members of this family are globally distributed, 
forming ecologically important components of arid, Mediterranean, peat swamp, rainforest, savanna, 
seasonally dry, temperate and tropical ecosystems, with a wide diversity of plant forms within the 
family ranging from large rainforest trees and vines to shrubs, annuals and aquatic plants (Lewis et al., 
2005, LPWG, 2013, Yahara et al., 2013). 
Globally, it has been estimated that grain and pasture legumes are cultivated on 180 million ha, 
representing 12-15% of the Earth’s arable surface and accounting for 27% of the world’s primary crop 
production (Graham & Vance, 2003). In Australian agricultural systems, rhizobia-legume symbioses 
fixes approximately 2.7 million tonnes of N2 annually, with an estimated value of $4 billion (Drew et 
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al., 2014). Pasture legumes have provided the meat, wool and dairy industries with a rich source of 
protein, fibre and energy for centuries (Graham & Vance, 2003, Lewis et al., 2005). Pasture legumes 
are prevalent in developing countries where the meat and dairy industry is almost solely dependent 
on them, and in developed countries such as the U.S. and Australia where Medicago sativa, 
(alfalfa/Lucerne) is widely utilised as fodder and permanent pasture along with subterranean clover, 
annual medics and white clover (Graham & Vance, 2003, Nichols et al., 2012) as well as many newly 
introduced pasture species such as Biserrula pelecinus and Ornithopus sativus (French serradella) (Loi 
et al., 2005). 
Nitrogen is an essential component of all life forms, however, the availability of this element is a major 
limiting factor to plant growth in agricultural systems (LeBauer & Treseder, 2008, Robertson & 
Vitousek, 2009). Although N2 gas comprises 78% of the Earth’s atmosphere (Barry & Chorley, 2003), 
plants cannot use nitrogen in this form. Microorganisms known as diazotrophs are able to 
enzymatically reduce N2 into ammonia (NH3), subsequently making nitrogen available to plants as 
ammonium (NH4+), where it is ‘fixed’ into plant tissue and returned to the soil by plant decay and 
senescence, harvested by humans or grazed by livestock. It has been estimated that  between 50 – 70 
Tg of N2 is fixed by this process in agricultural systems annually (Herridge et al., 2008). 
1.1.2 Establishment of N2-fixing symbioses 
N2-fixing symbioses are established when legume roots are infected by rhizobia. There are three 
recognised modes of infection of legume roots: (1) Root hair curling, (2) Epidermal infection (e.g. 
Lupinus spp.) and (3) Crack entry (e.g. Arachis sp.) (Ibanez et al., 2017). Most legumes of agricultural 
importance are infected by root hair curling, which will therefore be the focus in this review (Downie, 
2010). 
Legumes exude a wide range of molecules into the root zone (termed the rhizosphere), including 
flavonoids and isoflavonoids (Peters & Verma, 1990, Shimada et al., 2003).  These molecules activate 
rhizobial NodD proteins, which in turn direct the transcription of a suite of nodulation (or nod) genes 
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(which include nod, noe and nol) (D'Haeze & Holsters, 2002) that direct the synthesis and secretion of 
lipochitooligosaccharide signalling molecules termed Nod factors. The combined action of the 
products of the nodABC genes, where NodC is an N-acetylglucosaminyltransferase, NodB a 
deacetylase and NodA acyltransferase, results in the synthesis of core Nod factor, with decorations 
and modifications of this molecule catalysed by a series of other nod gene products (Perret et al., 
2000). Mature Nod Factors are subsequently secreted by rhizobia, binding to cognate Nod Factor 
receptors expressed on the surface of root hair cells. Binding of Nod factor to the receptor activates 
nodule organogenesis which triggers root hair deformation, intracellular calcium oscillations, 
membrane depolarization and initiation of cell division in the root cortex, leading to the establishment 
of a meristem and nodule primordium (Oldroyd & Downie, 2004, Timmers et al., 1999). 
To reach the developing nodule, rhizobia must first proceed from the root surface to the inner root 
tissue which is achieved by the formation of an infection thread. Infection thread formation occurs 
when rhizobia become trapped between root hair cell walls due to root hair deformation (Callaham & 
Torrey, 1981). An invagination of the plant cell wall at a point adjacent to the bacterial infection locus 
allows rhizobia to grow and divide down the infection thread, as the thread extends through the 
cortical cells, to the developing nodule primordium (Gage, 2004). As infection threads grow through 
the root and enter the nodule primordium, they ramify, increasing the number of sites bacteria can 
multiply and enter nodule cells, such that a large number of cells are colonised (Gage, 2004). 
Legume root nodules can be classified as either determinate or indeterminate, based on their 
morphology and cellular organisation: Indeterminate nodules are elongated or branched, containing 
one or more persistent apical meristems which give rise to new nodule cells that become infected by 
rhizobia and subsequently fix N2 (Udvardi & Poole, 2013, Gage, 2004). As the nodule matures, a 
developmental gradient is formed from the persistent meristem to the older senescent cells located 
adjacent to the root tissue. In contrast, determinate nodules are usually spherical, do not have 
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persistent meristems and therefore do not produce the developmental gradient found in 
indeterminate nodules (Gage, 2004, Udvardi & Poole, 2013). 
Rhizobia are released from infection threads as infection droplets, consisting of individual bacterial 
cells encased in a plant-derived (i.e. originating from the infection thread) membrane. The rhizobia 
next differentiate into bacteroids, which is the physiological form in which they fix N2 within plant root 
nodule cells (Ibanez et al., 2017). Bacteroid differentiation involves a range of transcriptional changes, 
which include induction of N2 fixation genes (nif and fix) as well as the down-regulation of normal free-
living cellular processes such as growth and division, protein synthesis and nucleic acid synthesis and 
repair functions  (Capela et al., 2006, Karunakaran et al., 2009). One of the major signals that controls 
nif and fix gene expression is low O2 tension, which creates a microaerobic environment that is 
necessary for N2 fixation (Hwang et al., 2010, Dixon & Kahn, 2004). 
The nif genes encode a suite of proteins that direct the synthesis and maturation of the nitrogenase 
enzyme, while the fix genes encode proteins required for bacteroid respiration and electron transfer 
to the nitrogenase enzyme (Poole et al., 2018). The nifHDK operon consists of three structural genes: 
nifH, encoding the Fe protein and nifD and nifK, encoding the Mo-Fe protein that together form the 
active nitrogenase enzyme complex that is responsible for the reduction of N2 to NH3 (Poole et al., 
2018, Egener et al., 2001).  
The fixNOQP operon encodes a terminal oxidase with a high affinity for O2, which is critical for 
microaerobic respiration, mediating electron transfer and synthesis of ATP via oxidative 
phosphorylation at the bacteroid membrane (Black et al., 2012, Poole et al., 2018). In many species of 
rhizobia, the fixLJ operon and fixK sense low O2 conditions and upregulate the expression of fixNOQP 
genes, providing the energy required for the nifHDK operon to synthesise nitrogenase and 
subsequently reduce N2 to NH3 (Poole et al., 2018, Capela et al., 2006).  
Knowledge of the establishment of N2-fixing symbioses has been built up from very limited agricultural 
symbioses, such as host specificity in Glycine max (soybean), genetic and molecular analyses in Pisum 
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sativum (pea), Glycine max and Lotus japonicus (birdsfoot trefoil) (Wang et al., 2012). There is, 
however, a significant amount of rhizobial diversity, both morphologically and phylogenetically, of 
which we know very little (Sprent et al., 2017). 
1.2 Rhizobial Diversity 
Rhizobia are Gram-negative soil-inhibiting bacteria, distinguished by genes required for nodulation 
and N2 fixation (O'Hara et al., 2016b). The term “rhizobia” refers collectively to bacteria capable of 
forming a symbiotic interaction with plants. Originally, all symbiotic organisms were grouped under 
the genus Rhizobium (Frank, 1889). Subsequently, some strains were observed to differ significantly 
from each other in their growth rates, leading to the division of rhizobia into fast- and slow-growing 
species, with the latter group comprising strains that were later recognised as a separate genus 
Bradyrhizobium (Jordan, 1982). This initial division was followed subsequently by the delineation of 
rhizobia into Sinorhizobium (Chen et al., 1988) and then Mesorhizobium (Jarvis et al., 1997) genera. 
With advances in microbiology and molecular phylogenetics, the number of rhizobia-containing 
genera has steadily expanded (Table 1.1). Prior to 2001, all rhizobia were classified within the α-
proteobacteria, with most species within the Rhizobium, Mesorhizobium and Bradyrhizobium genera. 
However, Moulin et al. (2001) reported Burkholderia spp. in the β-proteobacteria, to be capable of 
nodulating and fixing N2 on Macroptilium atropurpureum. Similarly, Chen et al. (2001) isolated another 
β-proteobacterium, Ralstonia taiwanensis  [later renamed Cupriavidus taiwanensis, Vandamme and 
Coenye (2004)],  from root nodules of Mimosa species. Therefore, there are currently 16 genera in 







Table 1.1: Described rhizobia demonstrated to nodulate legumes and the number of species in each genus, 
adapted from O'Hara et al. (2016b) and LPSN (2019). Six α-Proteobacteria families containing 14 genera with 
134 species of nodulating rhizobia, and one β-Proteobacteria family containing two genera with eight species 
of nodulating rhizobia. 
Family Genus Number of described species 
α-Proteobacteria   
Bradyrhizobiaceae Bradyrhizobium 15 
Brucellaceae Ochrobactrum 2 
Hyphomicrobiaceae Azorhizobium 3 
 Devosia 1 
Methylobacteriaceae Methylobacterium 1 
 Microvirga 3 
Phyllobacteriaceae Phyllobacterium 1 
 Aminobacter 1 
 Mesorhizobium 45  
Rhizobiaceae Rhizobium 43 
 Allorhizobium 2 
 Neorhizobium 3 
 Sinorhizobium/Ensifer 13 
 Shinella 1 
β-Proteobacteria   
Burkholderiaceae Burkholderia 6 
 Cupriavidus 2 
 
1.3 Mesorhizobium 
Mesorhizobium cells are Gram-negative, non-spore-forming rods, aerobic and motile usually with one 
polar or sub-polar flagellum (Jarvis et al., 1997). The genus Mesorhizobium was described by Jarvis et 
al. (1997) as primarily comprising rhizobia with a growth rate intermediate to that of the fast growing 
Rhizobium and the slow growing Bradyrhizobium genera (Jarvis et al., 1997). Individual colonies of 
Mesorhizobium spp. typically growing to 2 mm diameter after five to seven  days on YMA, in 
comparison to greater than eight days for most Bradyrhizobium spp. to reach 2 mm diameter and 
three to five days for Rhizobium spp. (O'Hara et al., 2016b). 
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Mesorhizobium have been described as establishing N2-fixing symbioses with legumes from 
climactically-varied environments, including tropical, sub-tropical, temperate and arctic areas (Laranjo 
et al., 2014). Some Mesorhizobium species form a symbiosis with agriculturally important legumes 
such as Cicer arietinum (chickpea) and Biserrula pelecinus. C. arietinum is a widely grown pulse crop 
that is essential in many human diets, and B. pelecinus is an annual legume that provides high quality 
forage, can tolerate heavy grazing and is well-adapted to a wide range of pH conditions and soil types 
(Laranjo et al., 2014, Lewis et al., 2005). 
There are currently 50 species described in the genus Mesorhizobium (Table 1.2), 45 of these having 
been authenticated as rhizobia, which is where pure cultures of strains isolated from legume root 
nodules are inoculated back onto their host of origin, to confirm their ability to be a nodulating 
organism (Hungria et al., 2016). The five Mesorhizobium species that have not been authenticated are, 
Mesorhizobium sanjuanii (isolated from Lotus tenuis nodules), Mesorhizobium soli and Mesorhizobium 
thiogangeticum (isolated from the rhizosphere of Robinia pseudoacacia and Clitoria ternatea 
respectively), as well as Mesorhizobium sediminum (Indian Ocean) and Mesorhizobium oceanicum 
(South China Sea) that were isolated from deep sea sediments lying up to 1 km from the surface (Table 
1.3). 
Prior to 2004, there were only eight recognised Mesorhizobium spp.: Mesorhizobium amorphae, 
Mesorhizobium chacoense, Mesorhizobium ciceri, Mesorhizobium huakuii, Mesorhizobium loti, 
Mesorhizobium mediterraneum, Mesorhizobium plurifarium and Mesorhizobium tianshanense (Table 
2). However, since 2004, a further 42 species have been described, with 16 of these new species 
isolated from plant species native to the poor, sandy soils of northern regions of China characterised, 
including Alhagi sparsifolia (wild shrub), Astragalus adsurgens (perennial shrub harvested for silage), 
Caragana microphylla (perennial shrub used in revegetation), Lotus frondosus (wild herbaceous 
species), Oxytropis glabra (wild herbaceous species), Albizia kalkora (subtropical tree), the traditional 
green manure species Astragalus sinicus (annual) and the Australian blackwood Acacia melanoxylon 
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R. Br., which is an introduced tree species resistant to cold and drought, and used for erosion control, 
landscaping and timber (Zhu et al., 2015). In addition, seven Mesorhizobium sp. isolated from Sophora 
sp. by De Meyer et al. (2015, 2016) came from the same collection, where 48 strains were isolated in 
natural ecosystems of the South Island of New Zealand from root nodules of the shrub S. prostrata, 
the small upright tree S. longicarinata (up to 2 m height) and the large tree S. microphylla (up to 25 m 
height). The increasing rate of species discovery from these studies highlights the possibility of many 
yet undiscovered species that may have the potential to be used in future agricultural systems. 
The host range of Mesorhizobium sp. strains can vary widely, where host range is defined as the ability 
of the rhizobia to enter legume roots and form nodules (Perret et al., 2000). Some strains can have a 
very narrow host range where they are only able to form nodules on one or very few legume species, 
such as M. ciceriT UPM-Ca7 which is only known to nodulate Cicer arietinum (chickpea) (Nour et al., 
1994). In contrast, other strains can exhibit very broad host ranges, being able to nodulate legumes 
from different genera such as M. tianshanenseT A-1BS which nodulates Caragana polourensis, Glycine 
max, Glycyrrhiza pallidijlora, Glycyrrhiza sp., Glycyrrhiza uralensis, Halimodendron holodendron, 
Sophora alopecuroides and Swainsonia salsula (Chen et al., 1995) or M. plurifariumT LMG1032 which 
nodulates Acacia nilotica, Acacia senegal, Acacia seyal, Acacia tortilis subsp. raddiana, Leucaena 
leucocephala and Neptunia oleracea (de Lajudie et al., 1998). 
A particularly well-documented case of host range differences in Mesorhizobium sp. has been 
reported between M. ciceri bv. biserrulae strains WSM1271, WSM1497 and WSM1284, isolated from 
the root nodules of B. pelecinus from different sites in the Mediterranean basin (Nandasena et al., 
2004). All three strains are highly effective N2-fixing microsymbionts of B. pelecinus (Nandasena et al., 
2004). Strains WSM1271 and WSM1497 have a relatively narrow host range, with WSM1271 
nodulating  Acacia membranaceus and B. pelecinus, and WSM1497 nodulating Acacia adsurgens, A. 
membranaceus and B. pelecinus (Nandasena et al., 2004).  In contrast, WSM1284 nodulates a much 
wider group of host legumes consisting of A. adsurgens, A. membranaceus, B. pelecinus, Dorycnium 
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rectum, Dorycnium hirsutum, Glycyrrhiza uralensis, L. leucocephala, Lotus edulis, Lotus glaber, Lotus 
maroccanus, Lotus ornithopodioides, Lotus pedunculatus, Lotus peregrinus, Lotus subbiflorus and 
Ornithopus sativus (Nandasena et al., 2004). Importantly, strains may not always be effective N2-fixing 
microsymbionts on hosts with which they nodulate, with WSM1284 forming white nodules (indicative 
of nodules that cannot fix N2) on D. hirsutum, even though this strain is highly effective with many 
genotypes of B. pelecinus (Nandasena et al., 2004). Therefore, strains that can nodulate one legume 
species may show very different nodulation phenotypes on other legume species.  
Table 1.2: Mesorhizobium species that have been authenticated on host of isolation and are valid species, as 
defined by LPSN (2019). 45 Mesorhizobium species identified by Type strain, 16S rRNA accession number, 
effective reference and host of isolation (LPSN, 2019). The additional reference of Jarvis et al. (1997) is 
included for species re-classified as Mesorhizobium in 1997. 
Species Type Strain 16S rRNA 
Accession number 
Reference Host of isolation 
Mesorhizobium abyssinicae AC98c GQ847896 Degefu et al. (2013) Acacia abyssinica/A. 
tortilis 
Mesorhizobium acacia RITF741 NR_137366 Zhu et al. (2015) Acacia melanoxylon R. 
Br. 
Mesorhizobium albiziae CCBAU 61158 DQ100066 Wang et al. (2007) Albizia kalkora 
Mesorhizobium alhagi CCNWXJ12-2 EU169578 Chen et al. (2010) Alhagi sparsifolia 
Mesorhizobium amorphae ACCC 19665 AF041442 Wang et al. (1999) Amorpha fruticosa 
Mesorhizobium australicum WSM2073 AY601516 Nandasena et al. (2009) Biserrula pelecinus L. 
Mesorhizobium calcicola ICMP 19560 KC237406 De Meyer et al. (2016) Sophora longicarinata 
Mesorhizobium camelthorni CCNWXJ 40-4 EU169581 Chen et al. (2011) Alhagi sparsifolia 
Mesorhizobium cantuariense ICMP 19515 KC237397 De Meyer et al. (2015) Sophora microphylla 
Mesorhizobium caraganae CCBAU 11299 EF149003 Guan et al. (2008) Caragana microphylla 
Mesorhizobium chacoense CECT 5336 AJ278249 Velazquez et al. (2001) Prosopis alba 
Mesorhizobium ciceri UPM-Ca7 U07934 Nour et al. (1994), Jarvis et al. 
(1997) 
Cicer arietinum L. 
Mesorhizobium delmotii STM4623 KP242314 Mohamad et al. (2017) Anthyllis vulneraria 
Mesorhizobium erdmanii USDA 3471 KM192334 Martinez-Hidalgo et al. (2015) Lotus corniculatus 
Mesorhizobium gobiense CCBAU 83330 EF035064 Han et al. (2008) Oxytropis glabra 
Mesorhizobium hawassense AC99b GQ847899 Degefu et al. (2013) Sesbania sesban 
Mesorhizobium 
helmanticense  
CSLC115N KT899885 Marcos-Garcia et al. (2017) Lotus corniculatus 





Mesorhizobium japonicum MAFF 303099 NC_002678 
(genome) 
Martinez-Hidalgo et al. (2016) Lotus japonicus 
Mesorhizobium jarvisii ATCC 33669 KM192335 Martinez-Hidalgo et al. (2015) Lotus corniculatus 
Mesorhizobium kowhai ICMP 19512 KC237394 De Meyer et al. (2016) Sophora microphylla 










STM 2683 AM930381 Vidal et al. (2009) Anthyllis vulneraria 
Mesorhizobium muleiense CCBAU 83963 HQ316710 Zhang et al. (2012) Cicer arietinum 
Mesorhizobium 
newzealandense 
ICMP 19545 KC237410 De Meyer et al. (2016) Sophora prostrata 





Nandasena et al. (2009) Biserrula pelecinus L. 
Mesorhizobium plurifarium LMG 11892 Y14158 de Lajudie et al. (1998) Acacia senegal 
Mesorhizobium 
prunaredense 
STM4891 KP242313 Mohamad et al. (2017) Anthyllis vulneraria 
Mesorhizobium qingshengii CCBAU 33460 JQ339788 Zheng et al. (2013) Astragalus sinicus 
Mesorhizobium robiniae CCNWYC 115 EU849582 Zhou et al. (2010) Robinia pseudoacacia 
Mesorhizobium sangaii SCAU7 EU514525 Zhou et al. (2013) Astragalus luteolus 
Mesorhizobium 
septentrionale 
SDW014 AF508207 Gao et al. (2004) Astragalus adsurgens 
Mesorhizobium shangrilense CCBAU 65327 EU074203 Lu et al. (2009) Caragana bicolor 
Mesorhizobium shonense AC39a GQ847890 Degefu et al. (2013) Acacia abyssinica 
Mesorhizobium 
silamurunense 
CCBAU 01550 EU399698 Zhao et al. (2012) Astragalus 
membranaceus 
Mesorhizobium sophorae ICMP 19535 KC237424 De Meyer et al. (2016) Sophora microphylla 
Mesorhizobium 
tamadayense 
Ala-3 AM491621 Ramirez-Bahena et al. (2012) Anagyris latifolia 
Mesorhizobium tarimense CCBAU 83306 EF035058 Han et al. (2008) Lotus frondosus 
Mesorhizobium temperatum SDW018 AF508208 Gao et al. (2004) Astragalus adsurgens 
Mesorhizobium 
tianshanense 
A-1BS AF041447 Chen et al. (1995), Jarvis et al. 
(1997) 
Glycyrrhiza pallidiflora 
Mesorhizobium waimense ICMP 19557 KC237387 De Meyer et al. (2015) Sophora longicarinata 
Mesorhizobium waitakense ICMP 19523 KC237413 De Meyer et al. (2016) Sophora microphylla 






Table 1.3: Mesorhizobium species which have not been authenticated by nodulation of host of isolation and are 
valid species, as defined by LPSN (2019). Five species identified by Type strain, 16S rRNA accession number, 





Reference Host/location of 
isolation 
Mesorhizobium oceanicum B7 KT157593 Fu et al. (2017) Isolated from deep-sea 
water (1km), South 
China Sea 
Mesorhizobium sanjuanii BSA136 MF979853 Sannazzaro et al. (2018) Lotus tenuis 
Mesorhizobium sediminum  YIM M12096 KX151664 Yuan et al. (2016) Isolated from deep-sea 
sediment, Indian Ocean 
Mesorhizobium soli  NHI-8 KC484966 Nguyen et al. (2015) Rhizosphere of Robinia 
pseudoacacia 
Mesorhizobium thiogangeticum  SJT AJ864462 Ghosh and Roy (2006) Rhizosphere soil of 
Clitoria ternatea 
 
1.4 Mesorhizobium spp. as inoculants in agricultural systems of Australia and 
New Zealand 
The development of agriculture in Australia and New Zealand has resulted in the introduction of many 
new, non-native plant species into these environments. In cases where the introduced species of 
plants were legumes, these plants have usually required the co-introduction of compatible rhizobial 
inoculants (MacKinnon et al., 1977, Howieson & Ballard, 2004). Inoculation is the practice of adding 
rhizobia to legume seeds or soil in the vicinity of the seed during sowing (Drew et al., 2014). This 
addition of rhizobia enables root nodulation to occur, leading to an increase in symbiotic N2 fixation, 
crop biomass and quality, and the amount of nitrogen returned to the soil when the plant dies (Drew 
et al., 2014). In several instances, highly effective strains of Mesorhizobium sp. have been introduced 
into these environments along with the new host legume, to ensure optimal rates of N2 fixation in the 
field. However, an unintended consequence of the introduction of these strains is that the mobile 
nature of the symbiosis genes in Mesorhizobium spp.  has influenced the diversity of soil organisms 
nodulating the target legume.  
The first reports of the impact of using Mesorhizobium spp. as inoculants came from Ronson and 
Sullivan, who were studying the genetic diversity of Lotus corniculatus-nodulating rhizobia in New 
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Zealand (Sullivan et al., 1995). Approximately seven years after inoculation of L. corniculatus with M. 
loti strain ICMP3153 in an area devoid of compatible L. corniculatus-nodulating organisms, partial 16S 
rRNA sequencing of diverse isolates confirmed they were not derived from ICMP3153 but from the 
background soil bacteria (Sullivan et al., 1995). Further analysis revealed that the strains had acquired 
an ~500 kb region of DNA, harbouring nod, nif and fix symbiosis genes, from the original inoculant 
strain and that this region had integrated in the recipient genomes at the phe-tRNA gene (Sullivan & 
Ronson, 1998). This indicated that that this region had horizontally transferred from the inoculant 
strain to non-symbiotic rhizobia in the environment (Sullivan & Ronson, 1998). This transferable region 
of DNA was  named a ‘symbiosis island’ on the basis of its similarity to pathogenicity islands, having 
the ability to transfer to normally non-symbiotic bacteria and enabling them to form a symbiosis 
(Sullivan & Ronson, 1998). These symbiosis islands were later classified as monopartite Integrative and 
Conjugative Elements (ICEs) (Ramsay et al., 2006). ICEs are defined as elements that excise from their 
host chromosome in a site‐specific manner, forming a circularized element that is generally transient 
(Ramsay et al., 2006). Conjugative transfer is initiated when the ICE is in the circularized form, resulting 
in a new copy of the ICE integrating into the recipient chromosome (Ramsay et al., 2006). 
Further reports of the impact of introducing Mesorhizobium inoculants next came from Australia, 
where the pasture legume B. pelecinus, originating from the Mediterranean basin, was first introduced 
into Western Australian agriculture in 1993, along with the inoculant strain M. ciceri bv. biserrulae 
WSM1271 (Nandasena et al., 2006). Six years after introduction of the legume at a field site in 
Northam (Western Australia), nodules of B. pelecinus were sampled and a range of isolates that were 
genetically different to the inoculant strain were obtained (Nandasena et al., 2006). Sanger 
sequencing of a subset of these isolates showed 100% identity of nodA and nifH genes to those in 
WSM1271, while the strains harboured highly dissimilar 16S rRNA sequences. Subsequent whole 
genome sequencing of two isolates (WSM2073 and WSM2075) showed they harboured symbiosis ICEs 
that were identical to that of the original WSM1271 inoculant strain (Haskett et al., 2016). 
Furthermore, all three strains appeared to harbour two other identical regions which were shown to 
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form part of a novel tripartite ICE, which is capable of transfer to recipient cells  in a way analogous to 
that of the monopartite R7A ICE (Haskett et al., 2016). Importantly, Nandasena et al. (2007) and 
Haskett et al. (2016) showed that the novel isolates receiving the symbiosis ICE were far less effective 
at fixing N2 on B. pelecinus than the commercial inoculant strain WSM1271. 
Introduction of Mesorhizobium sp. to agriculture in Australia and New Zealand therefore has the 
potential to lead to the evolution of novel rhizobia that can nodulate the target legume but fix N2 
poorly. These poorly effective strains may then compete with the inoculant strain, lowering the 
amount of N2 fixed and therefore reducing the benefits of legume inoculation in agricultural systems. 
It is therefore imperative that mobility of symbiosis ICEs be considered when evaluating 
Mesorhizobium inoculant strains for any new legume species into agriculture. 
1.5. Scorpiurus muricatus: A potential new annual pasture legume for 
southern Australia  
Over the last three decades, growers have focussed on cropping grains in the southern Australian 
agricultural areas that receive medium-to-low rainfall (200 – 600 mm). With continuous cropping 
however, in many cases, it has negatively impacted farming systems causing low soil nitrogen fertility 
and carbon content, increased plant pathogens, weed herbicide resistance and high fertiliser expense 
(Howieson et al., 2000c, Nichols et al., 2012). Consequently, in medium-to-low rainfall areas of 
southern Australia there is a lack of suitable annual pasture legumes, which is limiting agricultural 
productivity and profitability (Howieson et al., 2000c). 
Since the mid-1990’s extensive research and development in Australia has resulted in the successful 
domestication of a number of alternative annual pasture legumes from the Mediterranean basin, 
providing a significant impact on agricultural systems (Loi et al., 2005, Nichols et al., 2007). These 
“second generation” of annual legumes for Ley farming possessed traits such as hard seed coats, aerial 
seeding for easy harvest, deep rooting and early maturation, allowing them to self-regenerate (Loi et 
al., 2005, Nutt, 2012). This research was further supported by the development of highly effective 
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rhizobial inoculant strains that survived in the targeted soil types that were naturally devoid of rhizobia 
capable of nodulating these new legumes (Howieson et al., 2000a, Howieson et al., 2000b, Howieson 
& Ballard, 2004, Yates et al., 2005). 
Scorpiurus muricatus is an annual legume found throughout the Mediterranean basin and 
Macaronesia recognised by its radial growth and distinctive ‘Scorpion’s tail’ seed pods (Figure 1.1A 
and B) (Abbate et al., 2010, Heyn & Raviv, 1966, Beale et al., 1991). It has the potential to be a new 
“next generation” alternative pasture legume for the medium-to-low rainfall areas of southern 
Australia, with traits including: extreme hard-seededness, deep rooted and has a high adaptability to 
a wide range of semi-arid environmental conditions, including: soil type, altitude, soil nutrient status, 
climate and pH (Beale et al., 1991, Ehrman & Cocks, 1990, Atallah et al., 2008). S. muricatus is highly 
preferred by ruminant livestock (Di Giorgio et al., 2009), has a high crude protein (CP) concentration 
(Licitra et al., 1997), a positive effect on the yield of subsequent grain crops (Pülschen, 1992) and good 
response to repeated defoliations after slow initial plant growth (Ruisi et al., 2017). For all these 
reasons, this legume is currently being evaluated as a potential new pasture legume species for 
medium-to-low rainfall areas of southern Australia. However, to ensure the success of the future 
adoption of this species, elite inoculant rhizobia capable of efficiently fixing N2 with S. muricatus need 
to be identified (Howieson et al., 2000c). 
S. muricatus sampled from various areas in the Mediterranean, have been observed to form  
elongated-indeterminate or bifurcate nodules (Bouchiba et al., 2017, Atallah et al., 2008, Muresu et 
al., 2008, Safronova et al., 2004). Few reports exist describing the rhizobial microsymbionts of S. 
muricatus. Both Muresu et al. (2008) and Bouchiba et al. (2017) report sampling S. muricatus from 
Sardinia and Algeria, respectively. While Muresu et al. (2008) failed to successfully isolate any strains 
from nodules taken from this host, they were able to identify nodule bacteria as belonging to the 
genus Mesorhizobium by 16S rRNA PCR directly from nodules. In contrast, Bouchiba et al. (2017) did 
report isolation of 51 strains from S. muricatus however, partial 16S rRNA sequences of 18 strains 
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showed the possible root nodule forming isolates to be most closely related to Rhizobium spp. (15 
isolates) and Phyllobacterium spp. (3 isolates), with no isolates matching closely with Mesorhizobium 
spp.. Crucially though, none of their isolates could be authenticated as rhizobia as they did not 
nodulate S. muricatus when inoculated back on this host in controlled glasshouse experiments. 
 
 
Figure 1.1: Photos of Scorpiurus muricatus 95GCN115, Murdoch University, Murdoch, Western Australia. (A) 
Mature plants with radial branch growth (B) Distinctive ‘Scorpion tail’ seed pods. 
 
Safronova et al. (2004) have reported the recovery of seven isolates from nodules of S. muricatus 
located on Asinara Island (North Western Sardinia). The growth rate of these isolates was 
heterogeneous, with both intermediate- (defined as growing within 4-5 days) and slow-growing 
strains (6-7 days) on YMA at 28°C. 16S rDNA PCR-RFLP analysis grouped the isolates from the sampled 
legume species with M. loti and M. mediterraneum type strains, consistent with this legume being 
nodulated by Mesorhizobium spp. In support of this, the isolates were also confirmed to nodulate and 
fix N2 with L. cytisoides, L. ornithopodioides and O. compressus, and nodulate L. edulis, which are all 
legumes known to form symbioses with Mesohizobium spp. Therefore, these studies suggest that S. 




Scorpiurus muricatus is a legume found in the Mediterranean and Macronesia that is currently being 
evaluated as a new pasture for medium-to-low rainfall areas of southern Australia. Successful 
introduction of S. muricatus to these agricultural systems will require the co-introduction of a highly 
effective inoculant strain. There is little information on the microsymbionts that associate with S. 
muricatus in the literature. However, the Centre of Rhizobium Studies (CRS) has within its collection 
of rhizobia a range of potential S. muricatus microsymbionts. The key aims of this study are therefore 
to: 
1. Characterise the free-living phenotypes of these organisms. 
2. Determine the phylogenetic relationship between these strains and other well-characterised 
rhizobia. 
3. Evaluate their N2 fixation efficiency in symbiosis with S. muricatus.   
4. Determine the ability of S. muricatus-nodulating organisms to form a symbiotic interaction 






2.1 Bacterial strains and plant accessions 
The 19 strains of bacteria investigated in this thesis were sourced either from the Western Australian 
Soil Microbiology (WSM) culture collection (WSM1184, WSM1343 and WSM1386, isolated from 
nodules of Scorpiurus sulcatus sampled, in Syria, Morocco and Australia respectively) or from S. 
muricatus nodules collected from soil trapping experiments with soils from Morocco (strains J, N and 
T) and Israel  (strains A, B, C, D, F, G, H, I, K, L, M, O and S). References strains Mesorhizobium ciceri 
bv. ciceri CC1192 (commerical inoculant for Cicer arietinum) and M. ciceri bv. biserrulae WSM1497 
(commercial inoculant for Biserrula pelecinus) were also sourced from the WSM collection. The 
Moroccan and Israeli soils were collected in 2004 and 2006 and have been stored at 4˚C since that 
time. Seeds of S. muricatus ID: 95GCN115, B. pelecinus cv casbah, Lotus corniculatus cv goldie and C. 
arietinum cv striker, were acquired from B. Nutt (Murdoch University). 
2.2 Growth media and culturing conditions  
Bacteria were routinely cultured on Yeast Mannitol Agar (YMA) (Vincent, 1970) with 1.5% w/v agar  
and incubated at 28°C. For the assessment of growth on different media, individual colonies of each 
strain were dilution-streaked (Hungria et al., 2016) from YMA plates onto two plates each of ½ LA 
(Howieson et al., 1988), YMA and TY (Beringer, 1974) with 1.5% w/v agar and incubated at 28°C for up 
to 36 days. The number of days required to yield single colonies of 2 mm diameter were recorded and 
an average of the two plates calculated. If strains failed to reach 2 mm diameter, the colony size was 
recorded at 36 days. For the assessment of temperature tolerance, individual colonies of each strain 
were dilution-streaked onto two plates of YMA at 10°C, 16°C, 22°C, 28°C, 32.5°C and 37.5°C for up to 
30 days and growth assessed as being either NIL (no growth), poor (1-4 visible single colonies on initial 
spread and first streak only), limited (≥ 5 visible single colonies on initial spread and 1st streak), growth 
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(≥ 5 visible single colonies on second streak) and good (≥ 5 visible single colonies on third streak), when 
single colonies visible (≥ 0.3mm diameter) and average calculated. 
Table 2.1: List of strains included in this study with country of origin, isolation methods, soil batch number and 
host of isolation. N/A, not applicable. 




Syria research centre (1989) 
Nodule N/A S. sulcatus 
WSM1343 Oulmes, Morocco (1993) Nodule N/A S. sulcatus 
WSM1386 Manjimup research station, Western 
Australia (1994) 



















Soil trapping 435-439 
 
S. muricatus 
G Israel Soil trapping 440-444 S. muricatus 
H 
S 
Israel Soil trapping 445-449 S. muricatus 
J Morocco Soil trapping 255-258 S. muricatus 
I 
K 










Morocco Soil trapping 271-273 S. muricatus 
 
2.3 Amplified fragment length polymorphism (AFLP) assessment of diversity 
by RPO1-based PCR  
The diversity of the 19 test strains (Table 2.1) plus the two reference strains, CC1192 and WSM1497, 
was assessed by Amplified Fragment Length Polymorphism (AFLP) with the primer RPO1 (5’-
AATTTTCAAGCGTCGTGCCA-3’) designed by Richardson et al. (1995). Each reaction mixture for PCR 
contained 1 µL of cell pellet (OD600 = 6), 50 pmol RPO1 primer, 10 µL of GoTaq Green MasterMix 
(Promega, Cat. No. 7122) and PCR grade water (Fisher Biotec Australia, Cat. No. UPW-100) to a final 
volume of 20 µL. The blank consisted of the same constituents but with no added DNA template. PCR 
cycling conditions were 95°C for 5 min followed by 5 cycles at 95°C for 30 s, 55°C for 10 s, 72°C for 90 
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s and then 30 cycles at 95°C for 30 s, 55°C for 25 s, 72°C for 90 s and a final extension at 72°C for 5 
min. 
The amplified DNA fragments were analysed by agarose gel electrophoresis, using BIO-RAD PowerPac 
1000 (Serial No. 287BR01634) power system and BIO-RAD Sub-cell GT BASIC (Serial No. 61S11350) and 
BIO-RAD Sub-cell GT WIDE MINI (Serial No. 711BR08422). The 2% (w/v) agarose gels were buffered 
with 1 x TAE buffer and a 1 kb molecular weight marker (Promega, Ref no. G5711) was used to 
estimate product size. Gels were routinely electrophoresed for for 90 min at 70 V. 
Agarose gels were post-stained in a solution of 1 x TAE containing 0.5 µg/mL of ethidium bromide 
(EtBr), the gel was stained in EtBr for 30 min and de-stained in 1 x TAE buffer for 20 min. Gels were 
visualised under UV light using the BIO-RAD Molecular Imager XR+ (Serial No. 721BR04626) with Image 
Lab software (v. 3.0, build 11). Banding patterns of each strain and characterised strains CC1192 and 
WSM1497 were visually compared to one another to determine the diversity within the test group. 
2.4 Phylogeny based on 16S rRNA gene 
The 16S rRNA gene region of the test strains was amplified using 16S primers forward (pA) 27F (5′-
AGAGTTTGATCCTGGCTCAG-3’) and reverse (pH) 1522R (5′-AAGGAGGTGATCCAGCCGCA-3’) (Edwards 
et al., 1989). Each PCR reaction mixture contained 1 µL concentrated cell pellet OD600 = 1,  6.25 pmol 
of pA primer, 6.25 pmol of pH primer, 12.5 µL of GoTaq Green MasterMix (Promega, Cat. No. 7122) 
made up to a final volume of 25 µl with PCR grade water. The blank consisted of the same constituents 
but with no added DNA template. PCR cycling conditions were  95°C for 5 min followed by 3 cycles at 
95°C for 1 min, 59.4°C for 2 min 15 s, 72°C for 1 min and then 30 cycles at 95°C for 30 s, 59.4°C for 75 
s, 72°C for 75 s and a final extension at 72°C for 7 min. The amplified DNA fragments were analysed 
by agarose gel electrophoresis, stained and visualised as previously described (Section 2.2), with the 
following modifications: A 5 µL aliquot of the PCR reaction was loaded onto a 1% (w/v) agarose gel 
which was electrophoresed  60 min at 100 V. 
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The remaining 20 µL of PCR reaction was purified using FavorPrep GEL/PCR Purification Mini Kit (Cat. 
No. FAGCK001) following the manufacturer’s instructions. DNA quality and quantity of purified PCR 
products was assessed by NanodropOne (Thermo Scientific). Purified PCR products were submitted to 
Australian Genomics Research Facility (AGRF, Perth, Australia) for Sanger sequencing using forward 
primers (pA) 27F (5′-AGAGTTTGATCCTGGCTCAG-3’), (Gamma*) 358F (5′-CTCCTACGGGAGGCAGCAGT-
3’) (Vaneechoutte et al., 2000) and (O*) 926F  (5′-AACTCAAAGGAATTGACGG-3’) (Lane, 1991), and 
reverse primers: (pH) 1522R (5′-AAGGAGGTGATCCAGCCGCA-3’), (3) 1093R (5′-
GTTGCGCTCGTTGCGGGACT-3’) and (BKL1) 516R (5′-GTATTACCGCGGCTGCTGGCA-3’). Consensus 
sequences for partial 16S rRNA sequences of at least 1,388 bp were assembled with Geneious 11.1.5 
software. DNA bases were edited when confirmed by overlapping sequences when a minimum of two 
sequences matched for each base pair. BLASTN comparison of the consensus sequence for each strain 
was performed on NCBI (NCBI, 2019). 
A phylogenetic tree for the partial (1,388 bp) 16S rRNA sequences comprising the 19 test strains 
compared with selected characterised strains (Table 2.2), was constructed in Geneious 11.1.5, using 
the Tamura-Nei, neighbour-joining method of 10000 bootstrap replicates with a support threshold of 
50%. Azorhizobium caulinodansT ORS 571 was included as the outgroup.  
2.5 Phylogeny based on nifH and nodC symbiosis genes 
The nifH region of the test strains (excluding WSM1184) was amplified using degenerate primers nif1F 
(5’-TAYGGNAARGGNGGNATYGGNAARTC-3’) (Boulygina et al., 2002) and nif439R (5’-
GGCATNGCRAANCCDCCRCA-3’) (De Meyer et al., 2011). Each PCR reaction mixture contained 1 µL 
concentrated cell pellet (OD600 = 3), 12.5 pmol of nif1F primer, 12.5 pmol of nif439R primer, 12.5 µL of 
GoTaq Green MasterMix and made up to a final volume of 25 µl with PCR grade water. The blank 
consisted of the same constituents but with no added DNA template. PCR cycling conditions were 95°C 
for 5 min followed by 3 cycles at 95°C for 1 min, 53°C for 2 min, 72°C for 1 min and then 30 cycles at 
95°C for 30 s, 53°C for 1 min, 72°C for 1 min and a final extension at 72°C for 7 min. 
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Table 2.2: List of characterised strains used in this study with 16S, nifH and nodC accession numbers. Alternative 
accession numbers representing (G) genome and (C) contig, provided when used.  N/A, not applicable. 
STRAIN 16S accession nifH accession nodC accession 
Azorhizobium caulinodansT ORS 571 D11342 AP009384 (G) AP009384 (G) 
M. australicumT WSM2073 AY601516 AY601522 NC_019973 (G) 
M. ciceri CC1192 NZ_CP015062 CP015062 (G) NZ_CP015062 
M. ciceriT UPM-Ca7 U07934 DQ450928 DQ407292 
M. ciceri WSM1271 AY601513 AY601521 NC_015675 (G) 
M. ciceri WSM1497 CP021070 (G) CP021070 (G) CP021070 (G) 
M. delmotiiT BQ8482 FUIG01000092 (C) FUIG01000049 (C) FUIG01000058 (C) 
M. erdmanii Opo-242 MZXX01000021 (C) MZXX01000018 (C) MZXX01000003 (C) 
M. erdmaniiT USDA 3471 KM192334 N/A KM192344 
M. helmanticenseT CSLC115N KT899885 PZJX01000070 (C) PZJX01000067 (C) 
M. japonicumT MAFF303099 BA000012 (G) BA000012 (G) BA000012 (G) 
M. lotiT DSM 2626 QGGH01000001 (C) QGGH01000015 (C) QGGH01000021 (C) 
M. muleienseT CGMCC 1.11022 FNEE01000049 (C) FNEE01000025 (C) FNEE01000043 (C) 
M. opportunistumT WSM2075 AY601515 AY601524 CP002279 (G) 
M. prunaredenseT STM4891 KP242313 FTPD01000017 (C) KU984252 
M. tamadayenseT Ala-3 AM491621 LN824202 AM491624 
M. tianshanenseT A-1BS AF041447 N/A N/A 
M. tianshanenseT CCBAU 3306 N/A GQ167282 KP251785 
Mesorhizobium sp. AA22 LYTO01000050 (C) LYTO01000326 (C) LYTO01000324 (C) 




The amplified DNA fragments were separated and visualised by agarose gel electrophoresis and the 
quality and quantity of purified PCR products analysed as previously described (Section 2.3). Purified 
products were sequenced as detailed in earlier (Section 2.4), using the amplification primers nif1F and 
nif439R. Consensus partial nifH sequences of at least 257 bp were assembled and a phylogenetic tree 
constructed with Geneious (Section 2.4). Strains from the 16S rRNA tree were included in the nifH 
tree, except in cases where there was no nifH sequence available. In these instances, these strains 
were substituted for related strains for which nifH sequences were available such that M. erdmaniiT 
USDA 3471, was replaced with M. erdmanii Opo-242, M. tianshanenseT A-1BS replaced with M. 
tianshanenseT CCBAU 3306, M. ciceriT UPM-Ca7 sequence length was only 85 bp but was left in the 
tree as it matched closely with M. ciceri CC1192. 
The nodC region of the test strains (excluding WSM1184) was amplified using degenerate primers 
nodC540F (5’-TGATYGAYATGGARTAYTGGCT-3’) and reverse: nodC1164R (5’-GAYARCCARTCGCTRTTG-
3’) (Laguerre et al., 2001). PCR reaction and cycling conditions and gel electrophoresis and visualisation 
were as per nifH, with the exceptions that 6.25 pmol was added for each primer, with an annealing 
temperature of 47°C for 2 min 15 s for 3 cycles and an annealing time of 75 s for the 30 cycle of 
amplifications. Sequencing was completed as previously described for nifH using the amplification 
primers nodC540F and nodC1164R. 
A phylogenetic tree for partial (496 bp) nodC sequence was built as described for nifH, with both M. 
erdmaniiT USDA 3471 and M. erdmanii Opo-242 included. Only strain I had a slightly shorter sequence 
than other tests strains of 429 bp. 
2.6 Assessment of symbiotic phenotype of strains on Scorpiurus muricatus 
Equal proportions of yellow sand and coarse river sand (1:1) were combined, with 5 g/L Fe2(SO4)3 at a 
rate of 2 L per cement-mixer of sand to reduce the pH to 6.59. Combined and pH-adjusted sand was 
added to 1 L pots lined with paper towel and steamed for 3 h, allowed to cool and then flushed twice 
with hot, boiled deionised (DI) water (Yates et al., 2016). 
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S. muricatus seeds were mechanically scarified with grade 50 sandpaper and surface sterilised in 70% 
(v/v) ethanol for 1 min, 4% (v/v) NaOCl for 3 min, followed by six washes in sterile DI water. Following 
surface sterilisation, the seed coat of each individual seed was aseptically cut with a scalpel. 
Approximately 40 seeds were then spread on sterile 0.9 % (w/v) water agar plates with 4 mL sterile DI 
water, covered with aluminium foil and allowed to imbibe at room temperature for 24 h, after which 
excess DI water was removed with a sterile pipette, aluminium foil replaced, and plates were inverted 
for a further 16 h. The germination rate of seeds was greater than 99%. 
Due to space limitations in the glasshouse, the 19 strains were split into two groups, and two 
sequential effectiveness experiments were conducted, with experiment 1 commencing on 27 March 
2019 and harvested 69 days later, and experiment 2 commencing on 25 April 2019 and harvested 76 
days later. 
Each inoculated treatment consisted of eight pots, except for WSM1386 in experiment 2 which only 
consisted of four pots. Uninoculated N-starved and N-Fed controls were included in each experiment, 
with 16 pots per treatment, except for the N-starved control in experiment 2 which consisted of 8 
pots. In all treatments and both experiments, each pot contained three seedlings at sowing. To 
prepare the inoculant strains, single colonies of each inoculant strain were streaked in triplicate on ½ 
LA media and the plates incubated at 28°C for up to 14 days. Plates were individually resuspended 
into a total volume of 40 ml of sterile 1% (w/v) sucrose solution (Yates et al., 2016) and a 1 mL aliquot 
of this suspension was inoculated onto each seedling at sowing, with 1 mL of sterile 1% (w/v) sucrose 
solution added to each of the uninoculated N-fed and N-starved control plants. To assess inoculant 
strain viable cell numbers, a 1 ml aliquot of each inoculant suspension was serially diluted eight-fold 
in sterile 1% (w/v) sucrose and a 100 µL aliquot of 10-5, 10-6, 10-7 and 10-8 dilutions were spread over 
separate ½ LA plates and incubated at 28°C. Colonies were enumerated on plates, with those yielding 
counts between 30 – 300 colony forming units (CFU) used to calculate the number of inoculant 
cells/mL (O'Hara et al., 2016a). Sterile Polyvinyl chloride tubes (2.5 cm diameter and 25 cm length) 
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were inserted into the sand for nutrient and water supply, sterile lids were used to close tubes. After 
planting and inoculation, sterile alkathene beads were spread on the surface of the soil to prevent air-
borne infection and cross-contamination (Yates et al., 2016). 
Plants were watered at least twice-weekly with sterile DI water as required and received  20 ml of CRS 
Plant nutrient solution (Yates et al., 2016) once a week. Two mL of sterile KNO3 (10 g/L) was applied 
to N-fed control plants in each of the first two weeks, and four mL each following week. Nine days 
after inoculation, plants were thinned to one plant per pot and pots randomised. 
At harvest, plants were carefully removed from the soil, roots washed, and nodules counted and 
described. The shoots and roots were separated, and oven dried at 60°C for 72 hours prior to weighing. 
One plant from each treatment had between two and six nodules removed for bacterial isolation to 
assess nodule occupancy. Isolation of nodule bacteria was carried out as described by Hungria et al. 
(2016), where nodules were first sterilised by soaking in 70% (v/v) ethanol for 40 s, then 4% NaOCl 
(v/v) for 4 min, followed by washing six times in sterile DI water prior to being crushed and dilution 
streaked onto ½ LA plates and incubated at 28°C. Single colonies were restreaked onto ½ LA plates 
and then single colonies inoculated into ½ LA broth and incubated on a gyratory shaker at 250 rpm 
until cultures reached OD600 ~ 1.0, after which cells were harvested by repeated centrifugation (14,000 
x g, 2 min) to concentrate cell pellets to a final OD600 = 6. Strain identification was carried-out with 
AFLP PCR with the RPO1 primer as previously described (Section 2.3), with the profile of isolate strains 
compared to that of the original strain profile.  
Means and standard errors were calculated for all data. One-way ANOVA was calculated in RStudio 
(Version 1.2.1335) to test if treatment groups were statistically equivalent to one another (P ≤ 0.05). 




2.7 Assessment of nodulation and nitrogen fixation on other legume species  
Six representative strains (WSM1343, WSM1386, A, D, J and T) were chosen to test the ability of S. 
muricatus-nodulating strains to nodulate and fix N2 on Biserrula pelecinus, Cicer arietinum and Lotus 
corniculatus, with S. muricatus included as a control. Glasshouse experiments were conducted as per 
section 2.6, with several exceptions. Each treatment for each plant species consisted of four pots. C. 
arietinum seeds were not scarified, B. pelecinus seeds were additionally scarified prior to sterilisation 
by hand using grade 50 sandpaper in place of a scalpel, and L. corniculatus seeds were not manually 
scarified. Seeds were germinated on 0.9% (w/v) water agar plates, 40 h for B. pelecinus, C. arietinum 
and S. muricatus and 64 h for L. corniculatus. Inoculants were prepared on YMA and enumerated as 
per section 2.5, except that viable cell counts were performed by the Miles and Misra method, where 
25 µl aliquots of the 10-1, 10-2, 10-3, 10-4 10-5, 10-6, 10-7 and 10-8 dilutions were pipetted onto YMA agar 
plates and incubated at 28°C, for up to 10 days with those yielding counts between  5 – 50 CFU used 
to calculate the number of inoculants cells/mL (O'Hara et al., 2016a).  
Initially, three seedlings were planted into pots under aseptic conditions, with C. arietinum and S. 
muricatus thinned to one plant per pot after 11 days, B. pelecinus after 27 days and L. corniculatus 
after 33 days. C. arietinum and S. muricatus were harvested 47 days post inoculation while B. pelecinus 
and L. corniculatus were harvested 48 days post inoculation. Plants were harvested and nodules 
collected as described in section 2.6. Nodules were sterilised by soaking in 70% (v/v) ethanol for 30 s, 
then 4% NaOCl (v/v) for 2 min, followed by washing six times in sterile DI water prior to being crushed 
and dilution-streaked onto YMA plates. Nodule occupancy was assessed as per Section 2.6, except 
that isolates were cultured in Yeast-mannitol broth (YMB). Statistical analyses were as previously 
described (section 2.6), however the WELCH correction was not carried out on the S. muricatus mean 





3.1 Free-living phenotype of strains 
3.1.1 Growth on ½ LA, YMA and TY  
To investigate the growth of the bacterial isolates from Scorpiurus spp. on different media, pure 
cultures of each strain were streaked separately onto YMA, ½ LA and  TY agar and incubated for up to 
36 days at 28°C. All 19 strains grew to single colonies on YMA, with cultures requiring between two – 
13 days to yield single colonies of 2 mm diameter (Table 3.1). Strain WSM1184 showed the fastest 
rate of growth in forming a colony of 2 mm diameter after two days, followed by strains WSM1386, C 
and D forming the same sized colonies after six days. The remaining 15 strains took between eight-13 
days to produce to 2 mm diameter colonies on this medium. Apart from strains WSM1184 and 
WSM1386, growth of all strains was markedly slower on ½ LA than on YMA, with only nine (WSM1184, 
WSM1386, A, B, F, H, K, O and S) of the 19 strains achieving a colony size of 2 mm diameter. On TY, 
growth of five strains (WSM1343, C, D, N and T) was equivalent to that on ½ LA. Growth of most strains 
was restricted on TY, with only ten strains (WSM1343, WSM1386, C, D, I, K, L, M, N and T) yielding 
colonies <2 mm diameter, and eight strains (A, B, F, G, H, J, O and S) not growing during 36 days of 
incubation at 28˚C. WSM1184 was the only strain to grow rapidly and yield 2 mm diameter colonies 
on TY medium, taking three days.  
3.1.2 Temperature tolerance 
The temperature tolerance of the 19 strains was investigated by streaking pure cultures of each strain 
on YMA agar plates and incubating at 10, 16, 22, 28, 32.5 and 37.5°C for up to 30 days. Rate of growth 
was recorded as days taken to form visible single colonies (≥ 0.3 mm diameter). Strains grew most 
rapidly at 28°C, producing visible colonies between two and five days after inoculation (Table 3.2). 
Apart from F, K and G, all strains showed good growth at 32.5°C, however at 37.5°C, growth was 
severely inhibited with eight strains (WSM1343, WSM1386, C, D, I, N, S and T) yielding limited growth, 
one strain showing poor growth (J) and nine strains (A, B, F, G, H, K, L, M and O) yielding no growth at 
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all. All strains grew at 10°C, with growth rate and cell yield decreasing at lower temperatures for most 
strains. Strains WSM1184, WSM1343, WSM1386, S and T were the only strains that showed good 
growth at 10°C. Only strain WSM1184 had good growth at both higher and lower temperatures. 
Table 3.1: Growth of pure cultures of 19 strains on YMA, ½ LA and TY at 28°C. Strain growth after dilution 
streaking two plates on three different media; ½ LA, YMA and TY at 28°C. Days of growth were recorded when 
single colonies reached 2 mm diameter. Strain colony size was recorded after 36 days of growth when single 
colonies did not reach 2 mm. YMA: Yeast Mannitol Agar, ½ LA:  ½ lupin agar, TY: Tryptone yeast agar. 
 
STRAIN 
YMA ½ LA TY 
Days to 2 mm 
diameter 
Days to 2 mm 
diameter 
Size at 36 days Days to 2 mm 
diameter 
Size at 36 
days 
WSM1184 2 2  3  
WSM1343 9  0.5  0.6 
WSM1386 6 6   0.5 
A 8 19   No growth 
B 12 21   No growth 
C 6  0.5  0.7 
D 6  0.8  1.5 
F 11 20   No growth 
G 11  0.3  No growth 
H 8 21   No growth 
I 13  1.1  0.5 
J 8  0.6  No growth 
K 10 15   0.4 
L 9  1.1  0.6 
M 13  1.1  <0.1 
N 11  <0.1  0.5 
O 9 20   No growth 
S 8 19   No growth 
T 9  0.4  0.9 
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Table 3.2: Growth of strains after dilution streaking on YMA at 10, 16, 22, 28, 32.5 and 37.5°C for up to 30 days. NIL = no growth; poor growth, (+) 1-4 visible single colonies 
on initial spread and first streak only; Limited growth, (++) ≥ 5 visible single colonies on initial spread and 1st streak; Growth, (+++) ≥ 5 visible single colonies on second streak; 
Good growth, (++++) ≥ 5 visible single colonies on third streak. Days recorded when single colonies visible ≥ 0.3mm diameter. 
Temperature 10°C 16°C 22°C 28°C 32.5°C 37.5°C 
Strain  Growth Days Growth Days Growth Days Growth Days Growth Days Growth Days 
WSM1184  ++++ 2 ++++ 2 ++++ 2 ++++ 1 ++++ 1 ++++ 2 
WSM1343  ++++ 6 ++++ 5 ++++ 4 ++++ 4 ++++ 4 ++ 5 
WSM1386  ++++ 6 ++++ 5 ++++ 4 ++++ 4 ++++ 4 ++ 5 
A  +++ 11 +++ 7 ++++ 5 ++++ 4 ++++ 4 NIL 30 
B  +++ 8 +++ 7 ++++ 5 ++++ 4 ++++ 4 NIL 30 
C  +++ 6 ++++ 5 ++++ 4 ++++ 4 ++++ 4 ++ 5 
D  +++ 7 ++++ 5 ++++ 4 ++++ 4 ++++ 4 ++ 5 
F  +++ 11 +++ 7 ++++ 4 ++++ 4 +++ 4 NIL 30 
G  +++ 11 +++ 7 ++++ 5 ++++ 5 +++ 7 NIL 30 
H  +++ 8 ++++ 6 ++++ 4 ++++ 4 ++++ 4 NIL 30 
I  +++ 7 ++++ 6 ++++ 4 ++++ 4 ++++ 4 ++ 5 
J  +++ 8 +++ 7 ++++ 4 ++++ 4 ++++ 4 + 5 
K  +++ 7 ++++ 7 ++++ 4 ++++ 4 ++ 7 NIL 30 
L  +++ 8 ++++ 7 ++++ 4 ++++ 4 ++++ 4 NIL 30 
M  +++ 8 +++ 7 ++++ 5 ++++ 4 ++++ 6 NIL 30 
N  ++ 8 +++ 8 +++ 5 ++++ 4 ++++ 4 ++ 5 
O  +++ 6 +++ 6 ++++ 4 ++++ 4 ++++ 4 NIL 30 
S  ++++ 7 ++++ 6 ++++ 4 ++++ 4 ++++ 4 ++ 5 
T  ++++ 7 ++++ 6 ++++ 4 ++++ 4 ++++ 4 ++ 6 
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3.2 Diversity and phylogenetic relationships 
The diversity of the 19 strains was initially investigated by Amplified Fragment Length Polymorphism 
(AFLP) with the RPO1 primer, with subsequent phylogenetic characterisation determined by 16S rRNA 
(for ancestral relatedness) and nifH and nodC (for symbiotic diversity) sequencing. 
3.2.1 Diversity based on AFLP 
The overall genetic diversity of the 19 strains was first assessed by RPO1-based (AFLP) PCR, with M. 
ciceri CC1192 (Australian commercial inoculant for Cicer arietinum) and M. ciceri WSM1497 
(Australian commercial inoculant for Biserrula pelecinus) included as reference strains. A total of 15 of 
the strains yielded a profile not shared by any other strain, including WSM1497 and CC1192, indicating  
a high degree of genetic diversity among the strains (Figure 3.1). Strains H and S showed identical 
profiles, suggesting that the strains are highly similar to each other. The profile of strains N and T was 
very similar, with an additional band at approximately 850 bp present in the lane with strain T, which 
is absent in the profile for strain N. The additional overall differences in intensity for several other 
bands in both lanes makes it difficult to confidently determine relatedness of these two strains by this 
method. Overall, RPO1-based PCR revealed a large degree of genetic diversity within the 19 strains. 
3.2.2 Phylogeny based on 16S rRNA gene 
Analysis of the partial (1,388 bp) 16S rRNA gene sequences separated 18 of the 19 strains into four 
clades (Figure 3.2). All four clades aligned closely with Mesorhizobium type strains, indicating that the 
18 strains could all be classified in the genus Mesorhizobium. BLASTN comparison of these 18 strains 
matched at a minimum of 99% to known Mesorhizobium spp. (Appendix Table 1). In contrast, strain 
WSM1184 did not align well with the 16S rRNA gene sequence of any of the reference strains, with 
subsequent BLASTN comparison showing the WSM1184 sequence to be 99.79% identical to 





Figure 3.1: Images of agarose gel electrophoresis of RPO1-based Amplified Fragment Length Polymorphism 
(AFLP) PCR banding pattern of 21 strains. (A): Strains A, B, C, D, F, G, H, S, I, J and K (B): Strains L, M, N, T, O, 
WSM1343, WSM1386, WSM1184, characterised M. ciceri strains WSM1497, CC1192 and blank. Promega 1kb 




Clade I was strongly supported (100% bootstrap value), comprising three strains (WSM1343, C and D) 
with M. lotiT DSM 2626 and M. australicumT WSM2073 isolated from B. pelecinus growing in Northam, 
Western Australia, and four M. ciceri strains, including CC1192 (Figure 3.2). The partial 16S rRNA 
sequences of strains C and D were identical, while strain WSM1343 was most closely aligned with M. 
lotiT DSM2626. Clade II contained two strains (N and T) together with M. helmanticenseT CSLC115N, 
M. tamadayenseT Ala-3 and M. tianshanenseT A-1BS. Strains N and T matched 100% over the 
consensus sequence length, consistent with their very similar RPO1 banding pattern (Figure 3.1). Clade 
III comprised strain WSM1386 which aligned most closely to M. erdmanii Opo-242, M. erdmaniiT USDA 
3471, M. japonicumT MAFF303099, M. opportunistumT WSM2075 and Mesorhizobium sp. AA23. Clade 
IV contained 12 strains (A, B, F, G, H, I, J, K, L, M, O and S) together with M. delmotiiT BQ8482, M. 
muleienseT CGMCC 1.11022, M. prunaredenseT STM4891 and Mesorhizobium sp. AA22 making it the 
largest grouping of strains. Within clade IV, many strains shared 100% identity over the consensus 
sequence length, (B and I; A, G, H, J, K, L, M, O and S). In fact, the latter group of nine strains also 
shared identical 16S rRNA sequences with M. muleienseT CGMCC 1.11022. 
Therefore, these data are consistent with all strains, apart from the A. tumefaciens strain WSM1184, 
being classified in the genus Mesorhizobium. It also shows a considerable degree of genetic diversity 
among the strains, supporting the data from the earlier AFLP (RPO1) analysis (Section 3.2.1). 
3.2.3 nifH and nodC 
To assess the symbiotic phylogeny of the strains, nifH (encoding the Fe-protein of nitrogenase) and 
nodC (encoding N-acetylglucosaminyltransferase involved in Nod factor synthesis) sequence analysis 
was performed. Due to WSM1184 being classified as A. tumefaciens, nifH and nodC sequencing was 
not performed on this strain. 
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Figure 3.2: Phylogenetic tree  of 19 strains (in blue) based on a partial 16S rRNA sequence (1,388 bp). Type strains M. australicumT WSM2073, M. ciceriT UPM-Ca7, M. delmotiiT 
BQ8482, M. erdmaniiT USDA 3471, M. helmanticenseT CSLC115N, M. japonicumT MAFF303099, M. lotiT DSM2626, M. muleienseT CGMCC 1.11022, M. opportunistumT 
WSM2075, M. prunaredenseT STM4891, M. tamadayenseT Ala-3 and M. tianshanenseT A-1BS. Mesorhizobium sp. AA22 and Mesorhizobium sp. AA23 isolated from Modjo, 
Ethiopia. Three alternative M. ciceri strains: M. ciceri CC1192, M. ciceri WSM1271 and  M. ciceri WSM1497. Outgroup Azorhizobium caulinodansT ORS 571. Tamura-Nei genetic 
distance model was calculated using geneious tree builder software, Geneious 11.1.5. Numbers at nodes indicate levels of bootstrap support based on neighbour-joining 
analysis of 10000 bootstrap replicates. Bootstrap values below 50% are not shown. 
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Analysis of partial (257 bp) nifH sequences grouped the remaining 18 strains into two clades (Figure 
3.3). Clade I was strongly supported (100% bootstrap value) and comprised of M. australicumT 
WSM2073, M. ciceri WSM1271, M. ciceri WSM1497, M. delmotiiT BQ8482, M. opportunistumT 
WSM2075, M. prunaredenseT STM4891, Mesorhizobium sp. AA22 and all strains except strain J. Some 
strains in clade I shared identical nifH sequences (B, H and S; N and T) while others differed very little, 
such as strains C and D and strains L and O whose nifH sequences varied by only one bp with each 
other over the consensus sequence. Clade II was strongly supported (100% bootstrap value) and 
contained strain J as the only experimental strain, grouping with M. japonicumT MAFF303099, M. 
helmanticenseT CSLC115N, M. lotiT DSM 2626 and Mesorhizobium sp. AA23.  
Analysis of partial (496 bp) nodC sequences similarly grouped the 18 strains into two different, well-
supported clades (clade I bootstrap value of 100% and clade II 76%), although with some variation in 
groupings compared to the nifH sequence analysis (Figure 3.4). Clade I contained 16 strains (A, B, C, 
D, F, G, H, I, J, K, L, M, N, O, S and T) together with M. erdmaniiT USDA 3471, M. helmanticenseT 
CSLC115N, M. japonicumT MAFF303099, M. lotiT DSM 2626, Mesorhizobium sp. AA22 and  
Mesorhizobium sp. AA23. Unlike the nifH results where strain J clustered away from the other test 
strains in clade II (Figure 3.3), the strain grouped with clade I of nodC (Figure 3.4) however it still was 
only distantly related to the other strains and again most closely aligned with Mesorhizobium sp. AA23. 
Among other strains within clade I, there was a very high degree of similarity, with five groups of 
strains sharing identical nodC sequences over the consensus region (A, B, M and  Mesorhizobium sp. 
AA22; C and D; H and S; N and T; O and L). Clade II was formed by the two remaining strains WSM1343 
and WSM1386 in addition to M. erdmanii Opo-242, M. tamadayenseT Ala-3 and M. tianshanenseT 
CCBAU 3306 (Figure 3.4), which contrasts with their nifH grouping (Figure 3.3). The nodC sequences 
of these two strains showed a nine bp difference over the consensus length and a minimum difference 
of 114 base pairs (strain I) to the other experimental strains. These strains were not closely related to 
any of the characterised strains, with a minimum difference of 87 base pairs, or 82% match to M. 
tianshanenseT CCBAU 3306 over the consensus length. Therefore, these data indicate that there is a 
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reasonable amount of genetic similarity in nifH and nodC sequences across the test strains, with a 
small number showing more distant relatedness for these particular symbiosis genes. 
Figure 3.3: Phylogenetic analysis of 18 strains (in blue) based on a partial nifH sequence (257 bp). Type strain M. 
ciceriT UPM-Ca7 sequence length 85 bp. Type strains M. australicumT WSM2073, M. ciceriT UPM-Ca7, M. 
delmotiiT BQ8482, M. helmanticenseT CSLC115N, M. japonicumT MAFF303099, M. lotiT DSM 2626, M. muleienseT 
CGMCC 1.11022, M. opportunistumT WSM2075, M. prunaredenseT STM4891, M. tamadayenseT Ala-3 and M. 
tianshanenseT CCBAU 3306. Mesorhizobium sp. AA22 and Mesorhizobium sp. AA23 isolated from Modjo, 
Ethiopia. Three alternative M. ciceri strains: M. ciceri CC1192, M. ciceri WSM1271 and  M. ciceri WSM1497, and 
M. erdmanii Opo-242 were used. Outgroup Azorhizobium caulinodansT ORS 571. Tamura-Nei genetic distance 
model was calculated using geneious tree builder software, Geneious 11.1.5. Numbers at nodes indicate levels 
of bootstrap support based on neighbour-joining analysis of 10000 bootstrap replicates. Bootstrap values below 
50% are not shown. 
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Figure 3.4: Phylogenetic analysis of 18 strains (in blue) based on a partial nodC sequence (496 bp). Strain I 
sequence length 429 bp and M. tianshanenseT CCBAU 3306 sequence length 484 bp. Type strains M. australicumT 
WSM2073, M. ciceriT UPM-Ca7, M. delmotiiT BQ8482, M. erdmaniiT USDA 3471, M. helmanticenseT CSLC115N, 
M. japonicumT MAFF303099, M. lotiT DSM 2626, M. muleienseT CGMCC 1.11022, M. opportunistumT WSM2075, 
M. prunaredenseT STM4891, M. tamadayenseT Ala-3 and M. tianshanenseT CCBAU 3306. Mesorhizobium sp. 
AA22 and Mesorhizobium sp. AA23 isolated from Modjo, Ethiopia. Three alternative M. ciceri strains: M. ciceri 
CC1192, M. ciceri WSM1271 and  M. ciceri WSM1497. M. erdmanii Opo-242 added, matching 16S tree. Outgroup 
Azorhizobium caulinodansT ORS 571. Tamura-Nei genetic distance model was calculated using geneious tree 
builder software, Geneious 11.1.5. Numbers at nodes indicate levels of bootstrap support based on neighbour-




3.3 Symbiotic phenotype of strains on S. muricatus 
3.3.1 Yield and nodulation of S. muricatus 
To investigate the symbiotic effectiveness of the strains, the nodulation and N2 fixation phenotypes of 
the strains was assessed by inoculating each strain separately onto S. muricatus and growing plants in 
N-limited glasshouse conditions. The nodulation and mean shoot dry weight of inoculated S. muricatus 
was compared to uninoculated plants grown either without added N (N-starved) or with added KNO3 
(N-Fed). N-starved plants were relatively small in comparison to N-fed plants and had yellowing of 
leaves with tips turning pink/red in colour (Figure 3.5). For ease of handling, the 19 strains were split 
into two experimental groups, with the previously characterised S. muricatus-nodulating strain 
WSM1386 included in both groups as a control.  
Figure 3.5: Photo of Scorpiurus muricatus (experiment 1) 49 days after sowing, N-fed (left) and N-starved (right).  
 
In the first experiment harvested 69 days post-inoculation, nine of the 11 inoculated treatments 
(WSM1343, WSM1386, A, D, H, I, G, K and S) out-yielded the mean shoot dry weight/plant of the 
uninoculated N-starved control (P ≤ 0.05; Figure 3.7A). S. muricatus inoculated with either strains O 
or WSM1184 produced mean shoot dry weight/plant equivalent to the N-starved control. 
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Uninoculated N-fed control plants significantly out-yielded all the inoculated treatments, with a mean 
shoot dry weight/plant 1.8 times the highest yielding strain, WSM1343. Nine of the 11 inoculated 
treatments (WSM1386, D, H, I, G, S, K, O and A) yielded mean shoot dry weights/plant that were not 
statistically different from each other, ranging from 53.8% (strain WSM1386) to 33.3% (strain A) of 
the N-fed mean shoot dry weight/plant (Figure 3.7A). 
In the second experiment, six of the nine inoculated treatments (C, F, L, M, N and T) out-yielded the 
mean shoot dry weight/plant of the uninoculated N-starved control, harvested 76 days post-
inoculation (P ≤ 0.05; Figure 3.8A). S. muricatus inoculated with strains WSM1386, B and J produced 
mean shoot dry weight/plant equivalent to the N-starved control. However, unlike experiment 1, the 
N-fed control plants did not produce significantly more mean shoot dry weight than the highest 
yielding inoculated treatments WSM1386, C, F, L, M, N and T. 
The mean shoot dry weight/plant in experiment 2 were substantially reduced compared with 
experiment 1, with N-fed controls yielding a mean shoot dry weight/plant of 0.415 g and 0.617 g 
respectively, and N-starved controls 0.036 g and 0.048 g respectively. S. muricatus inoculated with 
strain WSM1386 in experiment 1 produced 53.8% of the N-fed control mean shoot dry weight/plant 
and was statistically different, in contrast to experiment 2, where S. muricatus inoculated with strain 
WSM1386 produced 63.8% of the N-fed control mean shoot dry weight/plant and were not 
statistically different. However, while all other inoculated treatments in experiments 1 and 2 consisted 
of eight plants per treatment, the WSM1386 treatment in experiment 2 consisted of only four plants, 
with this treatment showing a large variation in shoot dry weight/plant. Similar to experiment 1, seven 
of the nine inoculated treatments in experiment 2 yielded mean shoot dry weight/plant that were not 
statistically different from each other (Figure 3.8A groupings ‘a’, ‘b’ and ‘c’). 
All strains in both experiments nodulated S. muricatus, producing nodules that were indeterminate, 
rarely coralloid, cylindrical and pink in colour (Figure 3.6A and B) apart from strain WSM1184 which 
did not form nodules. S. muricatus inoculated with strain WSM1386 formed the highest mean nodule 
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count per plant at 149 (Figure 3.7B), followed by strain C forming 127 nodules/plant and WSM1386 
forming 126 nodules/plant (Figure 3.8B). Nodule number varied considerably across treatments, with 
S. muricatus inoculated with strain J forming the lowest mean of 7.5 nodules/plant, followed by strain 
B forming 28 nodules/plant and strain O forming 34 nodules/plant, while the mean for strain 
WSM1386 across both experiments was 141 nodules/plant. However, there was no clear correlation 
between mean shoot dry weight/plant and mean nodules/plant. Six of the 11 inoculated treatments 
in experiment 1 yielded mean nodules/plant that were not statistically different from each other 
(Figure 3.7B groupings ‘b’ and ‘c’) and five of the nine treatments in experiment 2 yielded mean 
nodules/plant that were not statistically different from each other (Figure 3.8B groupings ‘a’, ‘b’ and 
‘c’). Plants inoculated with strain WSM1184 produced white growths that were highly dissimilar in 
structure to the nodules formed on plants in other inoculated treatments. No bacteria could be 
reisolated from tissue crushes of these growths. This is consistent with the 16S rRNA sequencing data 
indicating strain WSM1184 to be A. tumefaciens. 
Figure 3.6: Photos of nodules formed on Scorpiurus muricatus at harvest, 69 days post-inoculation, inoculated 
with strain D. (A) Plant D 4 with large pink coralloid nodule (12 mm x 14 mm) and pink indeterminate cylindrical 




Figure 3.7 Symbiotic effectiveness of 11 strains (WSM1184, WSM1343, WSM1386, A, D, G, H, I, K, O and S) on S. 
muricatus, showing (A) Mean shoot dry weight/plant and (B) Mean nodule number/plant. Plants were grown in 
N-limited conditions and either uninoculated or inoculated separately with 11 strains. The uninoculated N-
starved plants received no added N while N-fed plants were supplied nitrogen as KNO3. Plants were harvested 
at 69 days post-inoculation. Means with the same letter are not statistically different, while different letters 
indicate significant differences according to one-way ANOVA using RStudio (Version 1.2.1335) at a significance 












































































Figure 3.8: Symbiotic effectiveness of nine strains (WSM1386, B, C, F, J, L, M, N and T) on S. muricatus, showing 
(A) Mean shoot dry weight/plant and (B) Mean nodule number/plant. Plants were grown in N-limited conditions 
and either uninoculated or inoculated separately with nine strains. The uninoculated N-starved plants received 
no added N while N-fed plants were supplied nitrogen as KNO3. Plants were harvested at 76 days post-
inoculation. Means with the same letter are not statistically different, while different letters indicate significant 
differences according to one-way ANOVA using RStudio (Version 1.2.1335) at a significance level of P ≤ 0.05 with 










































































Nodule occupant strain identity was determined by comparing the RPO1 banding pattern of nodule 
isolates to the original inoculant strain (Figures 3.9A and B, and 3.10A and B). All inoculant strains, 
except strain G, were confirmed as occupying nodules on S. muricatus. The non-template control in 
one of the RPO1 analyses did yield a very faint band at 750 bp (Figure 3.9A), however this did not 
match any of the strains and was therefore unlikely to have affected the profiling. The single nodule 
isolate obtained from nodule crushes of S. muricatus inoculated with strain G did not match any of 
the inoculant banding patterns, suggesting a non-experimental strain may have nodulated this 
treatment. In total, five of the N-starved control plants were nodulated in experiments 1 and 2, the 
RPO1 profile of the N-starved isolate obtained in experiment 1 matching strain WSM1386, and the 
RPO1 profile of N-starved isolates in experiment 2 matching strains N and T. This indicates likely cross-
contamination of the N-starved controls by these strains. These N-starved plants were removed from 
the mean shoot dry weight/plant analysis (Figures 3.7A and 3.8A). Therefore, effectiveness 
experiments 1 and 2 showed that all Mesorhizobium strains (apart from strain G) formed nodules and 
fixed N2 on S. muricatus with a variation in N2 fixation efficiency observed. 
3.4 Host range of Mesorhizobium strains. 
A subset of six of the 18 Mesorhizobium strains (WSM1343, WSM1386, A, D, J and T) was selected to 
investigate their ability to nodulate and fix N2 on legumes known to form symbiotic interactions with 
Mesorhizobium spp. A selection of strains isolated from Israel (A and D), Morocco (WSM1343, J and 
T) and Australia (WSM1386) were chosen. Strains were also selected based on their relative N2 fixation 
effectiveness level on S. muricatus, so that representative effective (WSM1343, WSM1386, D,  and T) 
and less effective (A and J) strains were included (Figures 3.7A and 3.8A). Strains were inoculated 
separately onto S. muricatus, Biserrula pelecinus, Lotus corniculatus and Cicer arietinum in N-limited 
glasshouse conditions. The nodulation and mean shoot dry weight of inoculated plants was compared 
to uninoculated plants either devoid of (N-starved) or fed KNO3 (N-Fed). S. muricatus was included to 
confirm the nodulation phenotype of the strains. 
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Figure 3.9: Images of agarose gel electrophoresis of RPO1-based Amplified Fragment Length Polymorphism 
(AFLP) PCR banding pattern of bacteria isolated from S. muricatus nodules. Original strains represented by 
identifying letter or number located in lane prior to nodule crush isolates 1 or 2. (A): Strains A, D, G, H, I, K, O 
and S with corresponding nodule isolates and blank (B): Strains WSM1343 and WSM1386 with corresponding 
nodule isolates and N-starved nodule isolate (N- P7 1). Promega 1kb ladder used with 13 bands. The blank 
sample contains the PCR master mix with no DNA template added. 
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Figure 3.10: Images of agarose gel electrophoresis of RPO1-based Amplified Fragment Length Polymorphism 
(AFLP) PCR banding pattern of bacteria isolated from S. muricatus nodules. Original strains represented by 
identifying letter or number located in lane prior to nodule crush isolates 1, 2 or 3. (A): Strains B, C, F, J, L, M, N 
and T with corresponding nodule isolates (B): Strain WSM1386 and corresponding nodule isolates, N-starved 
nodule isolates (N- P7 1, N- P7 2, N- P8 1 and N- P8 2), empty (no PCR reaction loaded in lane) and Blank. Promega 




C. arietinum and S. muricatus were harvested 47 days after inoculation while L. corniculatus and B. 
pelecinus plants were harvested 48 days after inoculation. All S. muricatus plants formed pink nodules 
when inoculated with strains WSM1343, WSM1386, D and T, although only half of the plants 
inoculated with A and J were nodulated (Table 3.4). All inoculated B. pelecinus formed nodules, except 
for strain WSM1343, where three plants inoculated with WSM1343 formed a mixture of pink, light 
pink and green nodules while the fourth plant was not nodulated. Nodule colour also varied for B. 
pelecinus inoculated with strain J, forming light pink, green and white nodules.  L. corniculatus formed 
pink nodules for all treatments, although the percentage of plants nodulated in each treatment varied 
widely from 100%  nodulated for strains WSM1386 and D, 75% for strain A, 50% for strains WSM1343 
and T, and 25% for strain J. In contrast, no inoculated or uninoculated C. arietinum treatments were 
nodulated, indicating that these Mesorhizobium strains do not form a symbiotic interaction with C. 
arietinum. 
Table 3.4: Nodulation of Mesorhizobium strains WSM1343, WSM1386, A, D, J and T on three host plants: 
Biserrula pelecinus, Lotus corniculatus and Scorpiurus muricatus. Plants were grown in N-limited conditions and 
either uninoculated or inoculated separately with six strains. The uninoculated N-starved plants received no 
added  N while N-fed plants were supplied nitrogen as KNO3. Plants were harvested 47 (S. muricatus) and 48 
days (B. pelecinus and L. corniculatus) post inoculation. (0 – 100) percentage of plants that formed nodules. 
Nodule colour described. C. arietinum did not form nodules and was excluded. 
Treatment Plant species 
 S. muricatus L. corniculatus B. pelecinus 
 % plants 
nodulated 








WSM1343 100 Pink 50 Pink 75 Pink, light pink 
and green 
WSM1386 100 Pink 100 Pink 100 Pink 
A 50 Pink and white 75 Pink 100 Pink 
D 100 Pink 100 Pink 100 Pink 
J 50 Pink and white 25 Pink 100 Light pink, green 
and white 
T 100 Pink 50 Pink 100 Pink 
N-fed -  -  100 Light pink and 
white 
N-starved 100 Pink -  100 Light pink 
 
For both S. muricatus and B. pelecinus, nodules were observed on uninoculated N-starved, and N-fed 
and N-starved controls, respectively (Table 3.4). Bacteria isolated separately from nodules excised 
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from plants from each of these treatments showed RPO1 profiles that matched strain WSM1386, 
indicating a likely unintentional cross-inoculation of N-starved plants during inoculation (Figures 3.11B 
and 3.12B). RPO1 profiles of bacteria isolated from all inoculated treatments were consistent with 
their respective inoculant strain in 28 out of 35 cases (Figures 3.11, 3.12 and 3.13). In five cases, the 
profile of one of the isolates matched the inoculant strain, while the profile of the second isolate taken 
from a different nodule of a plant in the same treatment did not match any of the reference strain 
profiles [S. muricatus inoculated with strain WSM1343 (Figure 3.11B), B. pelecinus with strain J (Figure 
3.12A) and L. corniculatus inoculated separately with strains WSM1343, WSM1386 and T (Figure 3.13A 
and B)]. Only for B. pelecinus inoculated with strain D, did both nodule isolates not match the 
reference strain profile. This indicates that in these small number of instances, a different, non-
experimental strain likely nodulated these individual plants.  
The mean shoot dry weight data for S. muricatus inoculated separately with the six strains showed the 
strains were fixing N2 on this host, with a variation in efficiency of N2 fixation consistent with data 
obtained in earlier effectiveness experiments 1 and 2 (Figures 3.7A, 3.8A and 3.14A). Plants inoculated 
with strain WSM1386 produced 59.4% of N-fed mean shoot dry weight/plant, in comparison to 
experiment 1 (53.8%) and experiment 2 (63.8%). S. muricatus inoculated with strain D produced 
statistically-equivalent mean shoot dry weight/plant to N-fed control, while plants inoculated 
separately with the remaining strains (WSM1343, WSM1386, A, J and T) produced significantly less 
mean shoot dry weight/plant than the N-fed control (Figure 3.14A). B. pelecinus plants inoculated 
separately with strains WSM1343, WSM1386, A, D, J and T produced significantly less mean shoot dry 
weight/plant than the N-fed control, instead producing plant shoot biomass that was not statistically 
different to the N-starved (nodulated) control (Figure 3.14B). This indicates that although B. pelecinus 
was nodulated by the strains, they do not fix N2 effectively with this host. In contrast, although all 
inoculated L. corniculatus treatments produced mean shoot dry weight/plant that was more than 4.9-
fold lower than the N-fed control plants, these data were not statistically different to either N-Fed or 
N-starved (non-nodulated) control plants (Figure 3.14C). Therefore, while the means are suggestive 
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that the strains fix N2 poorly on this host, this cannot be definitively stated with the data from this 
experiment. 
Overall, these data suggest that while this subset of Mesorhizobium strains do not nodulate C. 
arietinum, they are capable of nodulating B. pelecinus and L. corniculatus, with the effectiveness data 
indicating they are likely to be poorly effective N2 fixers on the latter two hosts. 
Figure 3.11: Images of agarose gel electrophoresis of RPO1-based Amplified Fragment Length Polymorphism 
(AFLP) PCR banding pattern of bacteria isolated from S. muricatus nodules. Original strains represented by 
identifying letter or number located in lane prior to nodule crush isolates ‘1’ or ‘2’. (A): Strains WSM1343, A, D, 
J and T with corresponding nodule isolates (B): Isolate WSM1343 ‘2’, Strain WSM1386 and corresponding nodule 
isolates, N-starved nodule isolates (N- P1 1, N- P1 2, N- P2 1, N- P2 2, N- P3 1, N- P3 2, N- P4 1 and N- P4 2), and 




Figure 3.12: Images of agarose gel electrophoresis of RPO1-based Amplified Fragment Length Polymorphism 
(AFLP) PCR banding pattern of bacteria isolated from B. pelecinus nodules. Original strains represented by 
identifying letter or number located in lane prior to nodule crush isolates ‘1’ or ‘2’. (A): Strains WSM1343, A, D, 
J and T with corresponding nodule isolates, WSM1343 isolates identified as ‘small’ isolated from small green 
nodules. (B): Strain WSM1386 and corresponding nodule isolates, N-starved (N- P1 1, N- P1 2, N- P4 1 and N- P4 
2) and N-fed (N+ P1 1, N+ P1 2, N+ P2 1 and N+ P2 2) isolates and blank. Promega 1kb ladder used with 13 bands. 
The blank sample contains the PCR master mix with no DNA template added. 
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Figure 3.13: Images of agarose gel electrophoresis of RPO1-based Amplified Fragment Length Polymorphism 
(AFLP) PCR banding pattern of bacteria isolated from L. corniculatus nodules. Original strains represented by 
identifying letter or number located in lane prior to nodule crush isolates ‘1’ or ‘2’. (A): Strains A, D and T with 
corresponding nodule isolates (B): Strains WSM1343, WSM1386 and J with corresponding nodule isolates and 





Figure 3.14: Symbiotic effectiveness, shown as mean shoot dry weight/plant, of six strains (WSM1343, 
WSM1386, A, D, J and T) on three host plants (A) S. muricatus (B) B. pelecinus (C) L. corniculatus. Plants were 
grown in N-limited conditions and either uninoculated or inoculated separately with six strains. The 
uninoculated N-starved plants received no added N while N-fed plants were supplied nitrogen as KNO3. Plants 
were harvested 47 (S. muricatus) and 48 days (B. pelecinus and L.corniculatus) post inoculation. Means with the 
same letter are not statistically different, while different letters indicate significant differences according to one-
way ANOVA using RStudio (Version 1.2.1335) at a significance level of P ≤ 0.05 with WELCH correction for 
heterogeneity of variance for B. pelecinus and L. corniculatus. Effectively nodulated N-starved S. muricatus were 





































































































The aims of this thesis were to characterise strains isolated from Scorpiurus sp. by investigating the 
free-living phenotype and phylogenetic relationship of the organisms and to assess their ability to 
form a symbiotic relationship with S. muricatus, Cicer arietinum, Biserrula pelecinus and Lotus 
corniculatus. 
4.1 Growth characteristics and diversity of  Mesorhizobium strains 
A total of 18 of the 19 test strains were classified as Mesorhizobium spp. based on 16S rRNA sequence 
analysis, and these strains showed considerable variation in their growth rates and temperature 
tolerance. On YMA, only three strains (WSM1386, C and D) took less than eight days to grow colonies 
to 2 mm diameter at 28°C, the remainder taking between eight – 13 days. This latter growth rate is 
substantially slower than what is generally considered to be characteristic of the genus, with rates of 
between five to seven days (O'Hara et al., 2016b) to form colonies of at least 2 mm diameter at 28°C 
on YMA. In fact, the growth rate of the majority of these Mesorhizobium strains aligns more closely 
with that described for slow-growing Bradyrhizobium species, at five to eight days to form colonies of 
less than 1 mm diameter (O'Hara et al., 2016b). In their study of organisms isolated from Asinara Island 
(Italy), Safronova et al. (2004) describe the growth rate of their S. muricatus isolates as being between 
four to seven days at 28°C to form visible colonies on YMA, although they do not specify the colony 
size achieved in this time frame. Therefore, it appears that the growth rate of many of the S. muricatus 
isolates investigated in this thesis may be atypical for this bacterial genus. Isolating more strains from 
S. muricatus nodules and assessing their growth rate would be informative to see if this slower-growth 
rate is a general feature of rhizobia that associate with this legume. 
On ½ LA medium, strain growth rates were substantially slower than on YMA, with more than half of 
the strains unable to form colonies of 2 mm diameter after 36 days.  ½ LA medium is widely used for 
rhizobial culturing and nodule isolations of rhizobia from many genera, including Mesorhizobium sp. 
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(Hungria et al., 2016), with its low phosphate concentration specifically chosen to reduce strain 
gumminess, allowing for ease of subculturing (Howieson et al., 1988, Hungria et al., 2016). The poor 
growth of some of the isolates on ½ LA is consistent with the generally slower growth rate observed 
for these rhizobia on YMA. However, it could also indicate that the specific nutritional requirements 
of these Mesorhizobium strains may differ to other previously characterised organisms. Further work 
characterising the nutritional requirements of these strains is therefore required. On TY, growth of 
the strains was further restricted, with only ten of 18 strains achieving any growth at all. TY is a rich 
medium originally developed from LB, a medium well-suited to the culturing of enteric organisms 
(Bertani, 1951). Although TY is routinely used as the medium of choice for the molecular 
characterisation of model rhizobia, many strains of Mesorhizobium grow poorly on this medium (J. 
Terpolilli, unpublished results). 
Optimal growth on YMA for all Mesorhizobium strains ranged between 22 – 32.5°C, with 28°C 
identified as the apparent optimum growth temperature. All strains grew at the lowest tested 
temperature of 10°C, but only nine grew at 37.5°C. O'Hara et al. (2016b) describe the optimal growth 
temperature for Mesorhizobium spp. as 25 – 30°C, with temperature tolerance ranging from 4 – 10°C 
to 37 – 42°C. The tolerance of these Mesorhizobium strains to temperature is therefore consistent 
with that reported in the literature for this genus. 
Interestingly, in their study of S. muricatus organisms from Algeria, Bouchiba and coworkers (2017) 
isolated bacteria from S. muricatus nodules by culturing isolates on YMA at 26°C for 3-7 days. 
However, all characterised isolates subsequently failed to nodulate the original host in authentication 
experiments, with partial 16S rRNA sequencing indicating that many of the strains were most closely 
related to Rhizobium species.  Rhizobium spp. are generally considered to be fast-growing rhizobia, 
achieving colonies of 2 mm in diameter in 3-5 days on YMA (O'Hara et al., 2016b). The work in this 
thesis has shown some Mesorhizobium strains from Scorpiurus can have growth rates of greater than 
8 days at 28°C. Therefore, it is possible that Bouchiba et al. (2017) may have failed to isolate slower-
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growing S. muricatus-nodulating organisms in their study due to insufficient incubation time and 
possibility slightly reduced incubation temperatures. 
Assessing strain ancestral relatedness by 16S rRNA sequencing classified 18 of the 19 strains as 
Mesorhizobium, with alignment of 16S sequences showing the strains to be related to a diversity of 
microsymbionts within this genus. Half of the Mesorhizobium strains matched 100% with M. 
muleienseT CGMCC 1.11022 isolated from a root nodule of C. arietinum, Xinjiang, China (Zhang et al., 
2012), while the remaining Mesorhizobium isolates grouped with characterised Mesorhizobium spp. 
known to nodulate legumes across a wide diversity of different legume genera, including C. arietinum, 
B. pelecinus, L. corniculatus and Lotus japonicus. Strain WSM1184 sourced from ICARDA (International 
Centre for Agricultural Research in the Dry Areas, Syria), was identified as Agrobacterium tumefaciens 
and was unable to nodulate S. muricatus. It is likely that the fast growth rate of WSM1184 meant that 
it may have outcompeted other bacteria when isolated from S. sulcatus nodules and mistakenly 
identified as a possible nodule-forming bacterium. 
Most of the Mesorhizobium strains shared highly similar nifH and nodC sequences, with one large 
clade comprising the majority of strains in the phylogenetic trees for both genes. The close grouping 
of WSM1343 and WSM1386 in both nifH and nodC trees, while their 16S sequences are only very 
distantly related, is an interesting finding, as both strains were isolated from geographically distant 
regions, with WSM1343 isolated from S. sulcatus located in Oulmes, Morocco (1993), while WSM1386 
was isolated from S. sulcatus growing at Manjimup research station in 1994, near a site that had 
previously been used for a B. pelecinus trial (Western Australia).  Scorpiurus spp. are not native to 
Australia, with the plants at the Manjiump station being part of a small evaluation trial and 
consequently are likely to have been inoculated, although records of this are not available to confirm 
whether inoculation took place and with which strain. The 16S sequence of WSM1386 grouped this 
strain most closey to M. opportunistumT WSM2075, a strain isolated from B. pelecinus growing in 
Northam (Western Australia) that was shown to have acquired the symbiosis genes from the mobile 
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symbiosis ICE of M. ciceri WSM1271, the original inoculant for this pasture legume (Nandasena et al., 
2007, 2009, Haskett et al., 2016). Therefore, WSM1386 may be a native Australian strain similar to M. 
opportunistumT WSM2075 that has acquired symbiosis genes from an inoculant applied to the S. 
sulcatus field site that harboured nifH and nodC genes similar to those of WSM1343. This acquisition 
would have enabled WSM1386 to form a symbiosis with S. muricatus. This suggests that, like M. ciceri 
WSM1271, and M. japonicum R7A, the S. muricatus Mesorhizobium strains may also harbour mobile 
symbiosis ICEs. Further work is required to determine whether the Mesorhizobium strains analysed in 
this thesis harbour these mobile genetic elements. 
4.2 Symbiotic effectiveness and host range 
The Mesorhizobium strains investigated in this thesis were able to fix N2 with S. muricatus, with 
comparison of mean shoot dry weights showing a wide range of symbiotic effectiveness of strains, 
ranging from equivalent to the N-fed control to equivalent to the N-starved control. Each strain was 
authenticated and confirmed to fix N2 on S. muricatus, except for strain G where the RPO1 banding 
pattern of the single cultured isolate obtained from nodules taken from plants in the effectiveness 
experiment, did not match the original inoculant. For strain G, additional symbiotic testing is required 
to confirm the N2 fixation phenotype of this strain on S. muricatus. 
The mean shoot dry weights of control plants in the second effectiveness experiment were 
substantially lower than those achieved in the first experiment, suggesting a difference in 
experimental conditions between these two experiments. These symbiotic effectiveness assays were 
conducted at different times of the year, with experiment 1 commencing on 27 March, while 
experiment 2 commenced 29 days later on 25 April 2019. Plant growth in the glasshouse in which the 
experiments were conducted is driven by natural sunlight, with a limited degree of temperature 
control. It is possible therefore that the differences in growth yield between these two experiments is 
a consequence of reduced daylength and/or decrease in temperature in the second experiment, 
leading to slower plant growth rates. To minimise these effects, a larger, single experiment containing 
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all test strains could have been conducted, however a lack of sufficient space in the glasshouse at the 
time of conducting the first effectiveness experiment precluded this option. Nevertheless, the data 
from these experiments suggest that some of the more effective Mesorhizobium strains investigated 
in this thesis may be candidate commercial inoculant strains for S. muricatus, such as strains 
WSM1343, WSM1386, D, F, N and T. 
The host range experiment evaluated whether S. muricatus microsymbionts can nodulate and fix N2 
on B. pelecinus, C. arietinum and L. corniculatus, which are legumes of agricultural importance in 
Australia. Except for strain D, all strains were confirmed as nodulating B. pelecinus and L. corniculatus, 
while no strains were able to nodulate C. arietinum. The lack of nodulation of C. arietinum by these 
strains indicates that S. muricatus-nodulating Mesorhizobium sp. may be unable to symbiotically 
interact with this host. This could be confirmed by testing some of the other 12 Mesorhizobium strains 
characterised in this thesis. If there is shown to be broad incompatibility of these strains with C. 
arietinum, then it suggests that these strains would not compete with C. arietinum inoculants if 
released into agriculture, consequently reducing inoculant efficacy.  
Nandasena et al. (2004) have shown that M. ciceri WSM1284 which can nodulate B. pelecinus, was 
also able to nodulate L. corniculatus, L. ornithopodiodes and L. pedunculatus, while two other B. 
pelecinus-nodulating strains (WSM1283 and WSM1497) could not. Similarly, the Lotus-nodulating 
strain M. japonicum R7A is able to nodulate B. pelecinus (Haskett et al., 2016) however none of these 
four strains is capable of nodulating C. arietinum [Nandasena et al. (2004) & Y. Hill, unpublished results 
for R7A]. Conversely, while the nodulation phenotype of CC1192 (the commercial inoculant for C. 
arietinum) on Lotus spp. is not known, it does not nodulate B. pelecinus (Nandasena et al., 2004). 
Therefore, there appears to be a distinct host range difference between strains that nodulate annual 
pastures such as B. pelecinus, Lotus sp. and perhaps S. muricatus and those that nodulate the grain 
legume C. arietinum. It will be informative to further characterise the host range across other well-
characterised B. pelecinus, Lotus sp. and C. arietinum-nodulating strains. 
55 
 
The nodulation of N-starved and N-fed control plants in some of the treatments for the effectiveness 
and host range experiments was undesirable, however, in all cases the RPO1 profile obtained from 
isolates matched that of one of the inoculant strains. This indicates that the cause of nodulation was 
likely to have been cross-contamination during inoculation. The N-starved and N-Fed controls received 
1 ml of sterile 1% sucrose per seedling at the time of inoculation, and this solution was delivered after 
the inoculated treatments received their respective strain using the same pipette. It is possible 
therefore that residual quantities of inoculant may have been inadvertently transferred from these 
inoculated treatments to the control plants, leading to the nodulation observed. Future experiments 
will benefit from inoculating with separate sterile syringes for each treatment to eliminate this source 
of cross-contamination. 
Although WSM1343, WSM1386, A, J and T were able to nodulate B. pelecinus, and L. corniculatus, 
they did not fix N2 effectively, producing mean shoot dry weights equivalent to the N-starved control 
plants. However, all inoculated treatments did produce pink nodules on the plant species tested, 
indicating the possibility that the strains could fix N2, albeit not efficiently. Given the uncertainty in 
results interpretation due to the nodulation of some N-fed and N-starved uninoculated controls for 
these host plants, the N2-fixing capability of these strains on these hosts needs to be quantified in 
additional experiments before firm conclusions on their efficiency can be made. 
4.3 Concluding statement and future directions 
Scorpiurus muricatus has the potential to meet the requirements of an annual legume for medium-to-
low rainfall areas of southern Australia. The future adoption of this pasture legume into these 
agricultural systems requires the co-introduction of an effective microsymbiont. This project 
characterised the phylogeny as well as free-living and symbiotic phenotype of a range of S. muricatus 
nodulating organisms as a first step to identifying an elite inoculant strain for this host plant. 
Many of the S. muricatus-nodulating Mesorhizobium spp. investigated in this thesis showed growth 
rates on YMA that were slower than what is generally accepted for this genus. This suggests that these 
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organisms may represent a new “slow growing” group of Mesorhizobium spp.. It would therefore be 
informative to measure the mean generation time of these strains in liquid media and further 
investigate their nutritional requirements, compared with other well-characterised Mesorhizobium 
strains. Future studies should take account of the potential for a slower growth rate and therefore 
allow sufficient time for growth when isolating microsymbionts from S. muricatus and potentially 
other Scorpiurus spp.. 
The phylogenetic analysis of chromosomal 16S rRNA compared to symbiosis (nifH and nodC) genes, 
particularly in the case of WSM1386 and WSM1343, is highly suggestive that these S. muricatus 
microsymbionts harbour mobile symbiosis ICEs, as has been described for other strains of 
Mesorhizobium. In the case of the Mesorhizobium inoculant strain for B. pelecinus, horizontal transfer 
of the symbiosis ICE in the soil resulted in the evolution of novel microsymbionts that were 
suboptimally effective N2 fixers with this host, potentially reducing the efficacy of the inoculant. It is 
therefore imperative that the strains characterised in this thesis be interrogated for the presence of 
symbiosis ICEs. The mobility of any ICEs detected can subsequently be investigated by conducting 
conjugation experiments between the S. muricatus strains and the R7ANS ICE-devoid recipient strain, 
as has been previously described (Haskett et al., 2016). 
The symbiotic effectiveness of the best-performing Mesorhizobium strain tested in this thesis was 
67.5% of the N-fed control. The ideal inoculant for this pasture legume would have as high a N2 fixation 
rate as possible and preferably one that produced shoot dry weights >90% of the N-Fed control.  
Therefore, more strains of S. muricatus-nodulating organisms should be screened for their symbiotic 
effectiveness. It is worth noting that the Mesorhizobium strains characterised in this thesis that were 
collected from nodulated plants in the field (WSM1343 and WSM1386), were isolated from S. sulcatus 
plants rather than S. muricatus, and that the soil trapping isolates were collected from locations 
described as having Scorpiurus sp. present, although not specifically S. muricatus. It is not known if S. 
sulcatus and S. muricatus microsymbionts are equally effective N2-fixers on both species, however, 
57 
 
further studies on S. muricatus symbionts may benefit by isolating microsymbionts from S. muricatus 
nodules and soils in the field. 
A subset of the Mesorhizobium strains tested in this thesis were able to nodulate B. pelecinus and L. 
corniculatus (WSM1343, WSM1386, A, D, J and T), with the effectiveness data suggesting that they 
fixed N2 poorly on these hosts. As B. pelecinus and Lotus sp. are pre-existing pasture legumes in 
Australian agricultural systems, release of an S. muricatus isolate that nodulates but fixes poorly with 
these legumes could have substantive negative impacts on their N2 fixation. The N2 fixation phenotype 
of these strains on B. pelecinus and Lotus sp. therefore needs to be confirmed in subsequent 
effectiveness experiments. These experiments could also be expanded to include all the isolates tested 
in this thesis, as some may show a different phenotype on these hosts. A strain that fixed N2 well on 
S. muricatus but did not nodulate either B. pelecinus or L. corniculatus, as was the case with the subset 
of strains tested on C. arietinum in this thesis, would be ideal. Alternatively, a strain that was effective 
across all three species would be a candidate commercial strain to recommend for all these pasture 
legumes, provided that the strain didn’t nodulate C. arietinum.  Furthermore, future work also needs 
to investigate whether there is any symbiotic interaction between current Australian commercial 
inoculants for B. pelecinus (WSM1497), C. arietinum (CC1192) and Lotus sp. (SU343, CC829) with S. 
muricatus. This will determine the chance of any possible negative impacts of these strains on the N2 
fixation of S. muricatus if this legume is introduced as an annual pasture for medium-to-low rainfall 
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Appendix Figure 1: Mean nodule number/plant on inoculated and N-starved S. muricatus plants. Plants were 
grown in N-limited conditions and either uninoculated or inoculated separately with six strains. The 
uninoculated N-starved plants received no added N. Plants harvested 47 days post inoculation. Error bars show 
standard error.  
 
Appendix Figure 2: Mean nodule number/plant on inoculated L. corniculatus plants. Plants were grown in N-
limited conditions and inoculated separately with six strains. Plants harvested 48 days post inoculation. Error 
bars show standard error. 
 
Appendix Figure 3: Mean nodule number/plant on B. pelecinus. Plants were grown in N-limited conditions and 
either uninoculated or inoculated separately with six strains. The uninoculated N-starved plants received no 
added N while N-fed plants were supplied nitrogen as KNO3. Plants harvested 48 days post inoculation. Error 





































































Appendix Table 1: List of experimental strains with closest species matches using BLASTN of full 16S rRNA 
consensus sequences (NCBI, 2019). Consensus length, closest species matches, query cover %, percent identity, 












soil batch ID 
WSM1184 1413 Agrobacterium tumefaciens 100 99.86 Morocco 
WSM1343 1394 Mesorhizobium ciceri  100 99.86 Morocco 
Mesorhizobium loti 100 99.86 
Mesorhizobium sp. WSM1497 100 99.86 
Mesorhizobium ciceri biovar 
biserrulae 
100 99.86 
Mesorhizobium amorphae 99 99.71 
WSM1386 1407 Mesorhizobium japonicum 100 99.93 Manjimup 
Mesorhizobium erdmanii 100 99.93 
Mesorhizobium loti 100 99.93 
Mesorhizobium opportunistum 100 99.86 
Mesorhizobium huakuii 100 99.72 
A 1416 Mesorhizobium delmotii 100 99.93 Israel  
415-419 
 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium prunaredense 99 99.93 
Mesorhizobium tianshanense 100 99.72 
Mesorhizobium mediterraneum 99 99.79 
B 1404 Mesorhizobium delmotii 100 100 Israel  
415-419 
 
Mesorhizobium prunaredense 100 100 
Mesorhizobium mediterraneum 100 99.79 
Mesorhizobium muleiense 100 99.79 
Mesorhizobium tianshanense 100 99.72 
C 
 
1417 Mesorhizobium cicero 100 99.93 Israel  
425-429 
 
Mesorhizobium ciceri biovar 
biserrulae WSM1271 
100 99.93 




Mesorhizobium amorphae 99 99.65 
D 1393 Mesorhizobium cicero 100 99.93 Israel  
425-429 
 
Mesorhizobium ciceri biovar 
biserrulae WSM1271 
100 99.93 
Mesorhizobium loti 100 99.78 
Mesorhizobium amorphae 99 99.64 
F 1416 Mesorhizobium delmotii 100 99.86 Israel  
435-439 
 
Mesorhizobium tianshanense 100 99.86 
Mesorhizobium mediterraneum 99 99.93 
Mesorhizobium prunaredense 99 99.86 
Mesorhizobium muleiense 100 99.72 
G 1391 Mesorhizobium delmotii 100 99.93 Israel  
440-444 
 
Mesorhizobium prunaredense 100 99.93 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium mediterraneum 99 99.78 
Mesorhizobium tianshanense 100 99.57 
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H 1409 Mesorhizobium delmotii 100 99.93 Israel  
445-449 
 
Mesorhizobium prunaredense 99 99.93 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium mediterraneum 99 99.79 
Mesorhizobium tianshanense 100 99.72 
I 1396 Mesorhizobium delmotii 100 100 Israel  
410-414 
 
Mesorhizobium prunaredense 99 100 
Mesorhizobium muleiense 100 99.79 
Mesorhizobium tianshanense 100 99.71 
Mesorhizobium mediterraneum 99 99.78 
J 1411 Mesorhizobium delmotii 100 99.93 Morocco  
255-258 
 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium prunaredense 99 99.93 
Mesorhizobium tianshanense 100 99.72 
Mesorhizobium mediterraneum 99 99.79 
K 1404 Mesorhizobium delmotii 100 99.93 Israel  
410-414 
 
Mesorhizobium prunaredense 100 99.93 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium mediterraneum 100 99.79 
Mesorhizobium tianshanense 100 99.72 
L 1414 Mesorhizobium delmotii 100 99.93 Israel  
420-424 
 
Mesorhizobium prunaredense 99 99.93 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium mediterraneum 99 99.79 
Mesorhizobium tianshanense 100 99.72 
M 1395 Mesorhizobium delmotii 100 99.93 Israel  
435-439 
 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium prunaredense 99 99.93 
Mesorhizobium tianshanense 100 99.71 
Mesorhizobium mediterraneum 99 99.78 
N 1416 Mesorhizobium tianshanense 100 99.93 Morocco  
271-273 
 
Mesorhizobium helmanticense 100 99.79 
Mesorhizobium metallidurans 99 99.86 
Mesorhizobium tamadayense 100 99.72 
Mesorhizobium tarimense 99 99.86 
O 1411 Mesorhizobium delmotii 100 99.93 Israel  
420-424 
 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium prunaredense 99 99.93 
Mesorhizobium tianshanense 100 99.72 
Mesorhizobium mediterraneum 99 99.79 
S 1399  Mesorhizobium delmotii 100 99.93 Israel  
445-449 
 
Mesorhizobium muleiense 100 99.86 
Mesorhizobium prunaredense 99 99.93 
Mesorhizobium tianshanense 100 99.71 
Mesorhizobium mediterraneum 99 99.78 
T 1416 Mesorhizobium tianshanense 100 99.93 Morocco  
271-273 
 
Mesorhizobium helmanticense 100 99.79 
Mesorhizobium metallidurans 99 99.86 
Mesorhizobium tamadayense 100 99.72 
Mesorhizobium tarimense 99 99.86 
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Appendix Table 2: Percentage of S. muricatus plants nodulated when inoculated with 19 experimental strains in 
two effectiveness experiments. Plants were grown in N-limited conditions and inoculated separately with 19 
strains. Experiment 1 plants inoculated on 27 March and harvested 69 days post-inoculation. Experiment 2 
plants inoculated 25 April and harvested 76 days post-inoculation. 
* One plant inoculated with strain WSM1184 formed nodules at the bottom of the pot, consistent with contamination. 
** Plants inoculated with strain WSM were 100% nodulated in both experiments. 
STRAIN % plants 
nodulated 
Experiment 
WSM1184 12.5* 1 
WSM1343 100 1 
WSM1386 100** 1,2 
A 100 1 
B 87.5 2 
C 100 2 
D 100 1 
F 100 2 
G 100 1 
H 100 1 
I 100 1 
J 75 2 
K 100 1 
L 100 2 
M 100 2 
N 100 2 
O 100 1 
S 100 1 
T 100 2 
 
 
 
